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FOREWORD 
This  r e p o r t  i s  submi t ted  i n  accordance w i t h  Art ic le  11, Para- 
graph D ,  of  Cont rac t  NAS7-754 da ted  J u l y  24, 1969. The r e p o r t  
c o n s i s t s  of  two volumes,, Volume I covers  Phase I of t h e  i n v e s t i -  
ga t ion .  This  volume (Vol 11) covers  Phase 11, which w a s  conducted 
during t h e  pe r iod  from A p r i l  t o  August 1970. 
The fo l lowing  Mart in  Marietta personnel  made t e c h n i c a l  con- 
t r i b u t i o n s  t o  t h i s  p o r t i o n  (second phase)  of  t h e  program. D r .  
Ralph E. H i s e ,  James R.  Tegar t ,  C. Robert  Page, Thomas J. Cassidy,  
and P res ton  E.  Uney. M r .  Dale A. F e s t e r  d i r e c t e d  t h e  t e c h n i c a l  
e f f o r t .  
The work w a s  adminis te red  under t h e  t e c h n i c a l  d i r e c t i o n  of 
M r .  Robert  Lem of  t h e  Jet Propuls ion  Laboratoyy. 
Paynter ,  Subsystems Technology Sec t ion  Chief ,  Propuls ion  Research 
Department, se rved  as t h e  Mart in  M a r i e t t a  Program Manager. 
M r .  Howard L. 
An exper imenta l  assessment of t h e  Mart in  Marietta "Fruhof" 
p r o p e l l a n t  a c q u i s i t i o n  concept f o r  low-gravity environment app l i -  
c a t i o n s  w a s  conducted t o  suppor t  t he  des ign  of t h i s  system. A 
co lor - f i lm summary of t h e  experimental  r e s u l t s  can be  obta ined  
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A two-phase program was conducted t o  i n v e s t i g a t e  space s t o r a b l e  
p r o p e l l a n t  a c q u i s i t i o n  devices  f o r  t h r e e  b a s e l i n e  missions,  includ-  
i n g  two 1-year Mars O r b i t e r  missions and a 10-year Grand Tour m i s -  
s i o n  t o  t h e  o u t e r  p l a n e t s .  The s p a c e c r a f t  f o r  t h e  l a t te r  mission 
uses a n i t r a t e d  hydrazine monopropellant wh i l e  one Mars o r b i t e r  
uses the  OF2/B2H6 space s t o r a b l e  combination and t h e  o t h e r  uses 
N2O4 and MMH Earth s t o r a b l e s .  
During Phase I, c u r r e n t  p r o p e l l a n t  a c q u i s i t i o n  techniques 
p o s s i b l e  p r o p e l l a n t  tank conf igu ra t ions ,  and helium ve r sus  n i t r o -  
gen s tored-gas p r e s s u r i z a t i o n  were eva lua ted  f o r  each mission. 
The p r e f e r r e d  combination of subsystems w a s  then s e l e c t e d  and 
recommended. Surface t ens ion  devices  were c l e a r l y  shown t o  be 
t h e  b e s t  p r o p e l l a n t  a c q u i s i t i o n  method f o r  a l l  t h r e e  missions.  
Resu l t s  of t h e  Phase I subsystem eva lua t ion  and s e l e c t i o n  are 
presented i n  Volume I of t h i s  r e p o r t .  
D e t a i l e d  ana lyses  and designs of t h e  recommended and approved 
s u r f a c e  t e n s i o n  p r o p e l l a n t  a c q u i s i t i o n  systems were made f o r  t h e  
t h r e e  b a s e l i n e  missions during Phase 11. Two b a s i c  approaches 
were used i n  making t h e  designs.  The f i r s t  approach r equ i r ed  t h a t  
t h e  s u r f a c e  t ens ion  system be t e s t a b l e  under minus 1 g, i . e . ,  gas- 
f r e e  l i q u i d  expe l l ed  from t h e  i n v e r t e d ,  f u l l - s c a l e  p r o p e l l a n t  
tank a g a i n s t  t h e  g r a v i t y  vec to r .  Under t h e  second approach, t h e  
s u r f a c e  t e n s i o n  system w a s  designed t o  perform r e l i a b l y  under t h e  
low-g o p e r a t i o n a l  environment only.  Various s u r f a c e  t ens ion  con- 
cep t s  were considered i n  o r d e r  t o  provide t h e  b e s t  concept f o r  
each mission. 
R e s u l t s  of t h e  Phase I1 design and a n a l y s i s  are p resen ted  i n  
t h i s  volume. Based on t h e  s u r f a c e  t ens ion  des igns ,  t h e  Fruhof 
low-gravity p r o p e l l a n t  a c q u i s i t i o n  concept i s  p r e f e r r e d  f o r  each 
b a s e l i n e  mission. The i n h e r e n t  s i m p l i c i t y ,  r e l i a b i l i t y ,  temper- 
a t u r e  i n s e n s i t i v i t y  $ and a t t ract ive c o m p a t i b i l i t y  c h a r a c t e r i s t i c s  
make t h i s  system p r e f e r a b l e  t o  fine-mesh sc reen  t r a p  designs i f  




This  i n v e s t i g a t i o n  of space s t o r a b l e  p r o p e l l a n t  a c q u i s i t i o n  
devices  w a s  conducted by Mart in  Mar i e t t a  Corporat ion under the  
d i r e c t i o n  of t h e  Jet  Propuls ion  Laboratory as p a r t  of t h e  NASA's 
Advanced Technology Program t o  provide  propuls ion  systems f o r  
post-1975 unmanned miss ions  t o  Mars, J u p i t e r ,  and t h e  o u t e r  plan- 
e ts .  Program o b j e c t i v e s  were t o :  
e I n v e s t i g a t e  the  u t i l i t y  of c u r r e n t  (developed o r  under 
development) p r o p e l l a n t  a c q u i s i t i o n  devices  f o r  use i n  
advanced s p a c e c r a f t  a p p l i c a t i o n s ;  
e Recommend a c q u i s i t i o n  modes, p r e s s u r i z a t i o n  subsystems, 
and p r o p e l l a n t  tank subsystems f o r  t h r e e  s p e c i f i c  b a s e l i n e  
m i s  s i  ons ; 
e Complete d e t a i l e d  des igns  of t h e  s e l e c t e d  p r o p e l l a n t  acqui- 
s i t i o n  devices  f o r  each b a s e l i n e  mission.  
Two gene ra l  miss ion  requirements  were considered:  f l i g h t s  t o  
Mars t h a t  i n c l u d e  midcourse,  o r b i t  i n s e r t i o n ,  and o r b i t  t r i m  ma- 
neuvers;  and a m u l t i p l e  p l a n e t  f ly-by, o r  Grand Tour miss ion ,  in -  
c lud ing  a number of midcourse maneuvers. 
The problems a s s o c i a t e d  w i t h  p r o p e l l a n t  o r i e n t a t i o n  and con- 
t r o l  dur ing  zero  g (wel l  pub l i c i zed  i n  the  l i t e r a t u r e )  were the  
primary concern of t h i s  s tudy .  As a r e s u l t ,  t he  i n v e s t i g a t i o n ,  
s e l e c t i o n ,  a n a l y s i s ,  and des ign  of t h e  p r o p e l l a n t  a c q u i s i t i o n  
devices  rece ived  the  major emphasis The a c q u i s i t i o n  subsystem 
w a s  t h e  determining f a c t o r  i n  s e l e c t i n g  t h e  p r e f e r r e d  propuls ion  
system (which a l s o  inc luded  p r e s s u r i z a t i o n  and tankage subsystems) 
f o r  each of t h e  t h r e e  miss ions .  
The program w a s  conducted i n  two s e p a r a t e  phases (Fig.  1-11. 
During Phase I,  t h e  mission c r i t e r i a  and s tudy  g u i d e l i n e s  were 
e s t a 3 l i s h e d  and t h e  P r o j e c t  Work P lan  (Ref 1-1) was prepared.  
An ex tens ive  survey w a s  conducted t o  c o l l e c t  background informa- 
t i o n  and d a t a  on each of t h e  t h r e e  p ropu l s ion  subsystems. This  
survey inc luded  l i t e r a t u r e  sea rches  and pe r sona l  contac t  w i t h  
government agencies ,  aerospace companies, and vendors.  No new 
p r o p e l l a n t  a c q u i s i t i o n  methods were found except  f o r  t he  c a p i l l a r y /  
bel lows concept devised under Cont rac t  NAS9-8939 (Ref 1-2).  The 
cap i l l a ry /be l lows  device  w a s  eva lua ted  f u r t h e r  dur ing  t h i s  program 
under Task V I I I .  Information on material  compa t ib i l i t y  w i th  t h e  
b a s e l i n e  p r o p e l l a n t s  was a l s o  compiled (Ref 1-3 and 1-4) 
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Phase I system e v a l u a t i o n  and s e l e c t i o n  c o n s i s t e d  of f i v e  major 
t a s k s  (Fig.  1-1) i n  a d d i t i o n  t o  the  s e p a r a t e  cap i l l a ry /be l lows  
e v a l u a t i o n  p rev ious ly  mentioned. During Task I, a p re l imina ry  
r a t i n g  system w a s  formulated f o r  a comparative e v a l u a t i o n  of pro- 
p e l l a n t  a c q u i s i t i o n  concepts .  During Task 11, background i n f o r -  
mation, des ign  c r i t e r i a ,  and o p e r a t i o n a l  c h a r a c t e r i s t i c s  of pro- 
p e l l a n t  a c q u i s i t i o n ,  p r e s s u r i z a t i o n ,  and p r o p e l l a n t  tank subsystems 
were compiled and analyzed. The r e s u l t i n g  informat ion  and d a t a ,  
t oge the r  w i t h  t h e  p re l imina ry  r a t i n g  technique  (Task I), were used 
i n  the  comparative e v a l u a t i o n  conducted dur ing  Task 111. Based 
on these  comparisons , t h e  b e s t  p ropuls ion  subsystems were s e l e c t e d .  
The p r e s s u r i z a t i o n  and tankage subsystems w e r e  s e l e c t e d  from weight ,  
e f f i c i e n c y ,  and r e l i a b i l i t y  comparisons and t h e i r  e f f e c t ,  i f  any, 
on the  p r o p e l l a n t  a c q u i s i t i o n  subsystem. The l a t t e r  was s e l e c t e d  
by us ing  t h e  r a t i n g  system. The p r e f e r r e d  subsystems were then  
sub jec t ed  t o  f u r t h e r  e v a l u a t i o n  (Task IV) where p o s s i b l e  changes 
t o  t h e  b a s e l i n e  Mars and Grand Tour miss ions  were considered.  
The s e l e c t e d  propuls ion  systems were recommended t o  JPL f o r  ap- 
p r o v a l  (Task V) i n  A p r i l ,  1970, t o  conclude Phase I. A b r i e f  sum- 
mary of t h e  r e s u l t s  of Phase I [ a s  p re sen ted  i n  Volume I of t h i s  
r e p o r t  (Ref 1-5) ] fo l lows  a 
The p r o p e l l a n t  a c q u i s i t i o n  concepts  t h a t  were eva lua ted  in-  
cluded s u r f a c e  t ens ion  devices ,  polymeric  and meta l l ic  b l adde r s  
and diaphragms, bel lows,  d i e l e c t r o p h o r e t i c  systems,  main engine 
s ta r t  tanks ,  e x t e r n a l  p r o p e l l a n t  s e t t l i n g  systems,  and t h e  cap i l -  
l a ry /be l lows  device .  Su r face  t ens ion  devices  c l e a r l y  r a t e d  b e s t  
and were recommended t o  J P L  as t h e  p r e f e r r e d  a c q u i s i t i o n  method 
f o r  each mission.  In e v a l u a t i n g  t h e  p r o p e l l a n t  tank subsystems, 
t h e  number of t anks ,  s i z e s  geometry, materials, and type  of con- 
s t r u c t i o n  were considered.  For t h e  two b i p r o p e l l a n t  (N204/MMJ3 
and O F Z / B ~ H ~ )  Mars o r b i t e r s  eva lua ted ,  two s p h e r i c a l ,  all-metal, 
p r o p e l l a n t  tanks were s e l e c t e d .  For t h e  monopropellant ( n i t r a t e d  
hydraz ine)  Grand Tour s p a c e c r a f t ,  t h e  s i n g l e  tank  recommended 
w a s  metal and s p h e r i c a l .  Type of p r e s s u r a n t  (helium o r  n i t rogen)  
and s t o r a g e  and o p e r a t i n g  condi t ions  were cons idered  i n  e v a l u a t i n g  
t h e  p r e s s u r i z a t i o n  subsystem. The assessment  showed t h a t  helium 
p r e s s u r a n t  provided advantages over n i t r o g e n  f o r  bo th  of t h e  sep- 
a ra t e ly - s to red  Mars o r b i t e r  subsystems and f o r  t h e  Grand Tour 
blowdown p r e s s u r i z a t i o n  mode. A s ing le -p res su ran t  s t o r a g e  sphe re  
w a s  recommended f o r  t h e  Mars missions wi th  helium s t o r e d  a t  t h e  
nominal p r o p e l l a n t  temperature  under an i n i t i a l  p r e s s u r e  of 4000 
p s i a .  
During Phase I1 (Fig.  I-l), d e t a i l e d  ana lyses  and des igns  were 
made of t h e  recommended and approved s u r f a c e  t ens ion  p r o p e l l a n t  
a c q u i s i t i o n  systems f o r  t h e  t h r e e  r e f e r e n c e  miss ions  (Task VI). 
PHASE I 
/Task I1 - Compile & Analyze Subsystem  design Criteria & Operational 
Characteristics 
I 








I- u I- 
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Figure 1-1 Program Study Approach 
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The Phase I1 o b j e c t i v e s ,  mission c r i t e r i a ,  and s tudy  g u i d e l i n e s  
are o u t l i n e d  i n  Chapter 11. A b r i e f  d i s c u s s i o n  and s ta te-of- the-  
a r t  review of s u r f a c e  t ens ion  p r o p e l l a n t  c o n t r o l  devices  i s  p r e -  
s en ted  i n  Chapter 111. The design and a n a l y s i s  f o r  each of t h e  
fine-mesh p r o p e l l a n t  a c q u i s i t i o n  systems are included i n  Chapter 
IV; t h e  so-cal led "Fruhof" systems t h a t  do no t  use fine-mesh 
foraminous material are d e t a i l e d  i n  Chapter V. Conclusions and 
recommendations are d i scussed  i n  Chapter VI; r e f e r e n c e s  are l i s t e d  
i n  Chapter VII. 
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11. OBJECTIVES, MISSION CRITERIA, AND STUDY GUIDELINES 
A.  PROGRAM OBJECTIVES 
The o b j e c t i v e s  of Phase I1 w e r e  t o  make d e t a i l e d  des igns  of 
t h e  s e l e c t e d  s u r f a c e  t e n s i o n  p r o p e l l a n t  a c q u i s i t i o n  systems f o r  
each of t h e  t h r e e  s p a c e c r a f t  mi s s ions  and t o  conduct suppor t ing  
ana lyses .  
6. MISSION CRITERIA 
The t h r e e ' b a s e l i n e  p l a n e t a r y  miss ions  are des igna ted  as M i s -  
s i o n s  A I ,  A2,  and B. Missions A 1  and A2 are Mars miss ions  w i t h  
a b a s e l i n e  s p a c e c r a f t  of t h e  advanced Viking-type o r b i t e r ,  
launched by a Titan IIID/Centaur .  
r a t i o n  i s  shown i n  F igu re  11-1. Mission A1 u s e s  space  s t o r a b l e  
p r o p e l l a n t s  oxygen d i f  l u d r i d e  (OF2) and d iborane  ( B ~ H ~ )  and M i s -  
s i o n  A2 uses  Ea r th  s t o r a b l e s ,  n i t r o g e n  t e t r o x i d e  (N2O4) and mono- 
methylhydrazine (CH3N2H3 o r  MMH). The more e n e r g e t i c  space s t o r -  
a b l e s  provide  an  i n c r e a s e  i n  s p e c i f i c  impulse over  t h e  Ea r th  
s t o r a b l e s ,  and appear  t p  b e  t h e  l o g i c a l  cho ice  f o r  t h e  nex t  gener- 
a t i o n  of unmanned, p l a n e t a r y ,  s p a c e c r a f t  p ropuls ion  systems s i n c e  
inc reased  payload c a p a b i l i t y  can be r e a l i z e d  from t h e  lower pro- 
p e l l a n t  requirement .  
'A t y p i c a l  s p a c e c r a f t  configu- 
Mission B i s  t h e  Grand Tour m u l t i p l e  p l a n e t  miss ion  t o  J u p i t e r ,  
Sa tu rn ,  Uranus, and Neptune, The b a s e l i n e  s p a c e c r a f t  con f igu ra t ion  
(Fig.  11-2) u s e s  t h e  monopropellant 75/25 (wt X )  hydrazine/hydra- 
z i n e  n i t r a t e  ( N ~ H L + / N ~ H ~ N O ~ )  and i s  launched by a T i t a n  IIID/Cen- 
taur /Burner  I1 ( 1 4 4 0 ) .  
The b a s i c  miss ion  and propuls ion  system cr i te r ia  are p resen ted  
i n  Volume I; however, a d d i t i o n a l  cr i ter ia  were def ined  a t  t h e  
start of Phase I1 des ign  e f f o r t .  The s e l e c t e d  and approved pro- 
p u l s i o n  subsystems w e r e  used as t h e  b a s e l i n e  c o n f i g u r a t i o n s ,  The 
des ign  cr i ter ia  and propuls ion  systems are d i scussed  i n  t h e  f o l -  





R t t i  tude 
Control 
Tank (2)  
Pressurant 




Figure 11-1 Viking Spacecraft Configuration (Typical) 
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F gure 11-2 Grand Tour Spadecraft Configuration (Typica 
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1. M i s s i o n  Description 
a .  Missions A1 and A7 - The Mars O r b i t e r  Mission i n c l u d e s  a 
groundhold per iod of up t o  30 days p r i o r  t o  launch aboard t h e  T i t a n  
IIID/Centaur.  
s e r t i o n  i n t o  a 24-hour e l l i p t i c a l  Mars o r b i t .  The maximum Mars 
o r b i t i n g  requirement i s  90 days.  The b a s e l i n e  mission p ropu l s ion  
even t s  (Table 11-1) i nc lude  two midcourse c o r r e c t i o n s ,  o r b i t  in-  
s e r t i o n ,  and t h r e e  o r b i t  trims. The p o s s i b i l i t y  of a d d i t i o n a l  or- 
b i t  trim burns w a s  a l s o  considered i n  t h e  des ign  of t h e  a c q u i s i t i o n  
subsystems 
T r a n s i t  time t o  Mars i s  180 days,  followed by in- 
During c o a s t  p e r i o d s ,  t h e  r e a c t i o n  j e t  a t t i t u d e  c o n t r o l  system 
(ACS) ma in ta ins  t h e  s p a c e c r a f t  on celest ia l  r e f e r e n c e s  wi th  t h e  
sun on t h e  r o l l  a x i s ,  and a s tar  a l i g n e d  on t h e  s t a r - senso r  bore- 
s i g h t  a x i s .  P r i o r  t o  each main engine burn,  t h e  s p a c e c r a f t  i s  
maneuvered by t h e  ACS t o  provide t h e  d e s i r e d  t h r u s t  a x i s  o r i e n t a -  
t i o n .  Th i s  i s  accomplished by switching from c e l e s t i a l  t o  i n e r t i a l  
r e f e r e n c e  and performing a r o l l  maneuver t o  a l i g n  t h e  p i t c h  t h r u s t -  
ers. Next, a p i t c h  maneuver is  used t o  a l i g n  t h e  t h r u s t  a x i s  and 
another  r o l l  i s  conducted t o  p o i n t  t h e  maneuver antenna toward 
Earth.  These a t t i t u d e  changes are  executed i n  reverse o rde r  a f t e r  
each main engine burn t o  r e a c q u i r e  t h e  c e l e s t i a l  r e f e r e n c e .  The 
mission a c c e l e r a t i o n  environment, a s s o c i a t e d  w i t h  t h e  v a r i o u s  man- 
euve r s ,  c o a s t  p e r i o d s ,  and p ropu l s ion  e v e n t s ,  is  summarized i n  
Table 11-2. 
b .  Mission B - The m u l t i p l e  p l a n e t  Grand Tour Mission may in- 
c lude f l y b y s  of J u p i t e r ,  Sa tu rn ,  Uranus, and Neptune. T o t a l  m i s -  
s i o n  t i m e  i s  approximately 3500 days.  The n i n e  midcourse propul- 
s ion  e v e n t s  a re  p resen ted  i n  Table 11-3. The f i r s t  cou r se  correc-  
t i o n  maneuver occur s  10  days a f t e r  launch; t h e  l a s t  engine burn 
occurs  3272 days a f t e r  launch. Expected nominal p l u s  three-sigma 
v e l o c i t y  increments f o r  t h e  p ropu l s ion  even t s  are shown i n  t h e  
t a b l e .  The t o t a l  (nominal p l u s  30) v e l o c i t y  requirement i s  approx- 
imately 320 meters pe r  second. 
The ACS f o r  t h e  s p a c e c r a f t  performs t h e  same func t ions  as those 
descr ibed earlier f o r  t h e  Mars o r b i t e r  ACS; however, a t t i t u d e  con- 
t r o l  f o r  t h i s  mission is  provided by a r e a c t i o n  j e t  system i n  com- 
b i n a t i o n  wi th  a momentum wheel. The mission a c c e l e r a t i o n  environ- 
ment i s  p resen ted  i n  Table 11-4. 
Table 11-1 Propulsion Event Sequence f o r  Missions AI and A2 
Event 
F i r s t  Midcourse 
Second Midcourse 
Orbit Insertion 
F i r s t  Orbit Trim 
Second Orbit Trim 
Third Orbit Trim 
Event Time 
[days from 
launch ( L ) ]  
L t 5  
L t 160 
L t 180 
L + 181 
L t 225 




























B u r n  
B2H6 Time 





























Table 11-2 Acceleration Environment f o r  Missions Al  and A2 
Mission Phase 
Boost 
Main Engine Burns 
Mission A l  
I n i t i a l  
Final 
Mission A 2  
I n i t i a l  
Final 
Deep Space and Mars O r b i t  
Cel e s t i a l / I n e r t i a l  Atti tude Control 
Deadband Thrust 
Before O r b i t  Inser t ion 




After Orbit Inser t ion 
Deadband Coast 
Celest ia l  
Iner ti  a 1 
Engine Burns 
At t i  tude Control Thrust 
Maneuvers before and a f t e r  Main 
Before Orbit Inser t ion 
P i  tch/Yaw 
Roll 
P i  tch/Yaw 
Roll 
Velocity 
After Orbi t  Inser t ion 










5 e 6 ~ 1 0 - ~  
2 e 6 ~ 1 0 - ~  
6 e 5x1 0'5 
2 7x1 0'5 
<10'8 
4 0 - 8  
5 . 6 ~ 1 0 ' ~  
2 . 6 ~ 1 0 ' ~  
6 . 5 ~ 1 0 ' ~  













4 0 0  ( f i r s t  r o l l )  
<800 (p i t ch )  
<250 (second rol l )  
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Event 
Po s t-Launc h 
Pre-Jupi t e r  







Table 11-3 Propulsion Event Sequence f o r  Mission B 
Event Time 
[days a f t e r  
launch ( L ) J  
L + 10 
L + 493 
L + 531 
L + 1087 
L + 1116 
L + 2310 
L + 2331 
L + 2360 
L + 3272 

































5 * 6  
28,O 
11.4 
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Table 11-4 Acceleration Environment for Mission B 
Mission Phase 
Boost 
Main Engine Burns 
I n i t i a l  Level 
Final Level 
Deep Space 










Reaction J e t  
Maneuvers before and a f t e r  Main 
Engine Burns 
Atti tude Control Thrust 
Momen tum Wheel 
Pi tch 
Yaw/Roll 
Reaction J e t  
Pitch 
Yaw/Roll 
Rotation Coast a t  Constant 
Angular Velocity 
k c e l e r a t i o n  











3x1 0-5  
1 5 ~ 1 0 - ~  
3x1 0-4 
15x1 0'6 





- < 2,000 





(500 ( f i r s t  r o l l )  
<800 ( p i t c h )  
<250 (second roll 
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2 .  Propulsion System Description 
The p ropu l s ion  systems f o r  t h e  t h r e e  mis s ions  (used as refer- 
ence c o n f i g u r a t i o n s  i n  t h e  des ign  of t h e  s u r f a c e  t e n s i o n  p r o p e l l a n t  
a c q u i s i t i o n  subsystems) r e f l e c t  t h e  s e l e c t i o n s  made as a r e s u l t  of 
t h e  Phase I eva lua t ion .  The system c r i t e r i a  a re  summarized i n  
Table  11-5. The v a r i a t i o n  i n  d e n s i t y  and s u r f a c e  t ens ion  of t h e  
p r o p e l l a n t s  over t h e  temperature  range  of i n t e r e s t ,  t oge the r  w i th  
t h e  change i n  p r o p e l l a n t  tank  i n i t i a l  u l l a g e  over  t h e  same range 
of tempera ture ,  are presented  i n  Table  11-6. The propuls ion  sys- 
t e m s  are d i scussed  by miss ion  i n  t h e  fo l lowing  paragraphs.  
a.  Mission A1 - The propuls ion  system schematic  f o r  t h e  space- 
s t o r a b l e  Mars O r b i t e r  i s  presented  i n  F igu re  11-3. The system in- 
c ludes  helium p r e s s u r a n t  s t o r e d  a t  t h e  nominal p r o p e l l a n t  tempera- 
t u r e  of 250"R w i t h  an  i n i t i a l  p r e s s u r e  of 4000 p s i a  i n  a s i n g l e ,  
metal sphere  cons t ruc t ed  of 6AR-4V t i t an ium;  two 2219 aluminum 
s p h e r i c a l  p r o p e l l a n t  tanks  (one f o r  OF2 o x i d i z e r  and one f o r  B2Hg 
f u e l ) ;  and an aluminum s u r f a c e  t e n s i o n  p r o p e l l a n t  a c q u i s i t i o n  sys-  
t e m  i n  each p r o p e l l a n t  tank.  The p ropu l s ion  system i s  o r i e n t e d  
w i t h  tank o u t l e t s  po in t ed  toward Ear th  dur ing  launch. The probable  
packaging arrangement f o r  t h e  Viking O r b i t e r  propuls ion  system en- 
ve lope  is  shown i n  F igu re  11-4. 
Because of t h e  low s t o r a g e  tempera ture ,  a thermal  p r o t e c t i o n  
system i s  r e q u i r e d  f o r  t h e  p r o p e l l a n t  and p r e s s u r a n t  t anks  t o  o f f -  
set environmental  hea t ing  and t o  ma in ta in  t h e s e  commodities between 
210 and 280"R. An i n s u l a t i o n  shroud wi th  louve r s  on bo th  t h e  sun 
and shade s i d e s  w a s  assumed. If r e q u i r e d ,  s o l a r  h e a t i n g  could be  
used t o  raise t h e  temperature  w i t h  h e a t  r a d i a t e d  t o  space  t o  lower 
p r o p e l l a n t  and p r e s s u r a n t  temperature .  Thermal c r i t e r i a  are pre- 
sen ted  i n  Table  11-7. 
b. Mission A? - The propuls ion  system schematic  f o r  t h e  Earth- 
s t o r a b l e  Mars O r b i t e r  i s  presented  i n  F igu re  11-5. The system em- 
p loys  helium p r e s s u r a n t  s t o r e d  a t  t h e  nominal p r o p e l l a n t  tempera- 
t u r e  of 500"R w i t h  an  i n i t i a l  p r e s s u r e  of 4000 p s i a  i n  a s i n g l e ,  
6AR-4V t i t an ium sphere ;  two s p h e r i c a l  6AR-4V t i t a n i u m  p r o p e l l a n t  
t anks  (one f o r  N2O4 o x i d i z e r  and one f o r  CH3N2H3 f u e l ) ;  and a ti- 
tanium s u r f a c e  t e n s i o n  p r o p e l l a n t  a c q u i s i t i o n  system i n  each pro- 
p e l l a n t  tank .  The propuls ion  system i s  o r i e n t e d  wi th  t ank  o u t l e t s  
po in ted  toward Ea r th  dur ing  launch.  Packaging i n  t h e  Viking O r -  
b i t e r  propuls ion  system envelope would be s i m i l a r  t o  t h e  Mission 
A1 system shown i n  F igu re  11-4. 
11-10 MCR- 7 0- 1 71 
Table 11-5 Propulsion System Cr i t e r i a  
Propellants 




Isp(vac) l b  sec/lbm) 
Thrust (1 bf) 
Chamber Pressure (ps i a )  
Propellant Tank Pressure (psia)  
Thrust Vector Control 
Number of Burns 
Total Impulse (1 bf-sec) 
Minimum Impulse B i t  lbf-sec 
Spacecraft Mass 






Propellant Mass lbm 





I n i t i a l  Ullage (% 
Propellant Margin 
Volume ( f t 3 )  
Diameter ( i n . )  
Pressurant 
Pressurant Temperature ( O R )  
I n i t i a l  Storage Pressure (ps i a )  




Volume ( f t 3 )  
Diameter ( i n . )  
Propellant Acquisition 
Mission 





















































He1 i urn 
B 






















He1 i urn 
6Aa-4V T 




6Aa-4V T i  
2.38 
19.9 
Surface Tension System 
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( " R )  
11-11 
ox Fuel ox Fuel ox Fuel 
Table 11-6 Variat ion of Propel lant  Proper t ies  and 
Propel lant  Tank I n i t i a l  Ullage w i t h  Temperature 
Temperature Density (lbm/ft3) I Surface Tension ( l b f / f t )  I I n i t i a l  Ullage (%) 
Mission A l  OF2 Oxidizer & B2H6 Fuel 
21 0 
250 (nominal ) 
280 









1 e 29x10-3 
0.92~10-3 
0.67~10'3 
Mission A2 N2O4 Oxidizer & M M H  Fuel 
47 5 


















8 .9  
5.8 




4 . 0 5 ~ 1 0 - ~  
3 . 8 4 ~ 1 0 - ~  
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Legend: 





Explosive Valve, Normally Open (N/O) 
Normally Closed (N/C) 
Manual Valve w i t h  Capped Por t  
Burst/Relief Valve 
Trim Or i f ice  
Three-way Solenoid Valve w i t h  Vent 
t o  Space 
Pressure Operated Valve 
Pressure Operated Bipropellant Valve 
Thrust Chamber 
Figure 11-3 Propulsion System Schematic f o r  Mission AI 
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Figure 11-4 Propulsion System Arrangement 













Table 11-7 Mission AI Environmental Heating C r i t e r i a  
Insulation Outer Surface 
Temperature ( O R )  
Nominal Propellant 
Temperature ( O R )  
Heat Flux ( B t u / h r  f t 2 )  
Thermal Conductance 
( B t u / h r  f t 2  O R )  
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Leqend: 
8 Fi l te r  
Regulatgr 
Pressure Transducer 
0 Check Valve 
@-- Temperature Transducer 
0 Explosive Valve, Normally Open (N/O) 
Norma4ly Closed ( N / C )  
Manual Valve w i t h  Capped Port 
Burst/Rel ief Valve 
Trim Orifice 
Thrust ChamGer 
Figure 11-5 Propulsion System Schematic for  Mission A2 
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Heat ing i s  r e q u i r e d  t o  prevent  f r e e z i n g  of N 2 O 4 .  A combina- 
t i o n  of  thermal  coa t ings  and h e a t e r s  may b e  employed t o  reduce 
temperature  g r a d i e n t s  and main ta in  p r o p e l l a n t  temperatures  between 
500 and 580"R. 
c .  Mission B - Helium p r e s s u r a n t  i s  used i n  t h e  s ing le- tank ,  
monopropellant propuls ion  system. P r o p e l l a n t  expuls ion  i s  accom- 
p l i shed  by blowdown of tank-top p res su re .  A t i t an ium s u r f a c e  ten-  
s i o n  p r o p e l l a n t  a c q u i s i t i o n  system i s  conta ined  i n  t h e  s p h e r i c a l ,  
6AR-4V t i t an ium tank .  Nominal p re s su ran t  and p r o p e l l a n t  tempera- 
t u r e  i s  500"R and t h e  i n i t i a l  system p r e s s u r e  i s  350 p s i a .  
p ropuls ion  system is  o r i e n t e d  w i t h  t h e  tank  o u t l e t  po in ted  toward 
Ear th  du r ing  launch. The propuls ion  system schematic  f o r  t h e  Grand 
Tour s p a c e c r a f t  i s  presented  i n  F igu re  11-6. The probable  pack- 
aging arrangement w i t h i n  t h e  propuls ion  system envelope i s  shown 
i n  F igu re  11-7. 
The 
Heating of t h e  p r o p e l l a n t  tank  i s  r equ i r ed  du r ing  t h e  miss ion  
t o  prevent  f r e e z i n g  of t h e  n i t r a t e d  hydraz ine  p r o p e l l a n t .  Use of 
a r a d i o i s o t o p e  hea t  source  i n  conjunct ion  w i t h  an  e x t e r n a l  h e a t  
exchanger on t h e  t ank  i s  one p o s s i b i l i t y .  Environmental coo l ing ,  
r a t h e r  t han  hea t ing ,  i s  t h e  primary concern.  
C. STUDY GUIDELINES 
Two b a s i c  approaches were t o  be used i n  des igning  t h e  s u r f a c e  
t ens ion  systems t o  m e e t  t h e  requirements  f o r  each miss ion .  The 
f i r s t  approach r equ i r ed  t h a t  t h e  s u r f a c e  t ens ion  dev ice  be  t e s t a b l e  
under minus 1 g so  t h a t  t h e  f u l l - s c a l e  p r o p e l l a n t  tank  may be  in-  
v e r t e d  and gas-free l i q u i d  expel led  from t h e  top  of t h e  tank  a- 
g a i n s t  t h e  g r a v i t y  v e c t o r .  Under t h e  second approach, t h e  s u r f a c e  
t ens ion  system w a s  t o  be  designed t o  perform r e l i a b l y  under t h e  
low-g o p e r a t i o n a l  environment only .  Various s u r f a c e  t ens ion  con- 
c e p t s  were t o  be  cons idered  i n  o rde r  t o  o b t a i n  t h e  b e s t  concept  
f o r  each mission.  
De ta i l ed  p ro to type  des igns  were de f ined  as engineer ing  draw- 
ings  which w e r e  t o  i n c l u d e  o v e r a l l  dimensions,  t o l e r a n c e s ,  mate- 
r i a l s  of c o n s t r u c t i o n ,  and g e n e r a l  f a b r i c a t i o n  requirements .  Fab- 
r i c a t i o n  and assembly, c l ean ing  and p a s s i v a t i o n ,  and prelaunch oper- 
a t i o n s  ( inc luding  loading  and ground ho ld )  were cons idered  i n  t h e  
des ign  a long  wi th  t h e  a c t u a l  launch and pos t launch  f l i g h t  per iods .  
Handling, checkout ,  and maintenance requi rements  w e r e  a l s o  con- 
s idered  e 
Legend : 
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Manual Va 
F i  1 t e r  
Burs t /Re l  
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Figure 1r-7 Propulsion System Arrangement 
(Typical) for M i s s i o n  B 
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The r e f i n e d  p ropu l s ion  system schematics (Fig. 11-3, 11-5, 
and 11-6) were reviewed and modif ied,  as r e q u i r e d ,  t o  f u r n i s h  a 
r e l i a b l e  and o p e r a t i o n a l  system. Cons ide ra t ions  included t h e  
need f o r  a d d i t i o n a l  va lv ing  t o  accomplish t ank  loading o r  d r a i n i n g .  
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111. SURFACE TENSION PROPELLANT CONTROL DEVICES 
A d i s c u s s i o n  of p a s s i v e  devices  t h a t  u se  s u r f a c e  t e n s i o n  
f o r c e s  t o  provide p r o p e l l a n t  o r i e n t a t i o n  and c o n t r o l  i s  p resen ted  
i n  Volume I,  Chapter 111. Several d i f f e r e n t  c a p i l l a r y  concepts 
a p p l i c a b l e  t o  p l a n e t a r y  missions are desc r ibed .  The more a t t r a c -  
t ive f e a t u r e s  of t h e s e  dev ices ,  when compared t o  o t h e r  p r o p e l l a n t  
a c q u i s i t i o n  techniques developed, o r  under development, are t h a t  
they are completely passive (no moving p a r t s ) ,  simple i n  des ign  and 
ope ra t ion ,  and low i n  weight.  A s  t h e  r e s u l t s  of t h e  Phase I com- 
p a r a t i v e  e v a l u a t i o n  show, t h e i r  s i m p l i c i t y  and p a s s i v e  o p e r a t i o n  
make them most r e l i a b l e  f o r  t h e  t h r e e  b a s e l i n e  p l ane ta ry  missions.  
Also,  t h e  s m a l l  q u a n t i t y  of material used f o r  t h e s e  devices  placed 
them lowest i n  weight f o r  each mission.  
Two d i f f e r e n t  c a p i l l a r y  concepts were designed t o  s a t i s f y  t h e  
t h r e e  b a s e l i n e  mission requirements during t h e  second phase of t h e  
program. They are: fine-mesh s c r e e n  t r a p s ,  and t h e  so -ca l l ed  
"Fruhof" devices .  
minus 1 g ,  i . e . ,  gas-free p r o p e l l a n t  expuls ion can b e  demonstrated 
using t h e  f u l l - s c a l e  tank. The tank i s  i n v e r t e d  ( p r o p e l l a n t  out- 
l e t  po in ted  away from Earth)  s o  t h a t  t h e  g r a v i t a t i o n a l  acce le ra -  
t i o n  tends t o  p o s i t i o n  p r o p e l l a n t  away from t h e  o u t l e t .  
concept is  n o t  t e s t a b l e  under minus 1 g.  
The fine-mesh t r a p  systems are t e s t a b l e  under 
The Fruhof 
A. DESIGN CRITERIA 
A g e n e r a l  d i s c u s s i o n  of c a p i l l a r y  system des ign  cr i ter ia  i s  
p resen ted  i n  t h i s  s e c t i o n .  Each c r i t e r i o n  is  t r e a t e d  s e p a r a t e l y  
f o r  t h e  s p e c i f i c  des igns ,  and is  p resen ted  i n  more d e t a i l  i n  Chap- 
ters I V  and V.  
1. Pressure Retention 
The d i f f e r e n t  c a p i l l a r y  designs p re sen ted  i n  Chapters I V  and 
V r e l y  upon t h e  r e l a t i v e l y  s m a l l  p r e s s u r e  d i f f e r e n c e  t h a t  e x i s t s  
ac ross  a curved l i q u i d / g a s  i n t e r f a c e ,  due t o  in t e rmolecu la r  f o r c e s ,  
t o  o r i e n t  l i q u i d  and s t a b i l i z e  t h e  l i q u i d l u l l a g e  i n t e r f a c e .  This 
c a p i l l a r y  p r e s s u r e  d i f f e r e n c e ,  APc9 may b e  expressed a t  any p o i n t  
ac ross  t h e  i n t e r f a c e  as: 
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AP C = (k+k) 0 ,  [ 111-11 
where 0 is the liquid/gas surface tension and R 1  and R2 are the 
principal radii of curvature at that point. 
terface (R1 = R 2 ) ,  the pressure difference is 
For a spherical in- 
+R-l * . Gas 
20 AP = - c R 9  
S 
[ 111-21 
where R is the radius of 
curvature. The capillary 
pressure difference can be 
related to a dimension (other 
than the radius of curvature) 
such as the pore radius, R, 
and a second parameter, the 
liquid-to-solid contact angle, 
8, This is done by introduc- 
ing the relationship between 
R, 8, and R as shown in 
s 9  
Figure 111-1. Then, rewriting 
Equation [III-2] as 
S 
[ 111-31 20 APc = < cos e ,  
the designer can easily cal- 
culate the capillary pkessure 
Figure 111-1 Liquid/Gas I n t e r f a c e  Shape difference from measurable 
parameters. Surface tension 
values for the propellants 
of interest are presented in Table 11-6. Surface tension generally 
varies markedly with the compositions of the fluids and with tem- 
perature, while the variation with pressure is small (Ref 111-1). 
It decreases with increased temperature, as shown in Table 11-6, 
becoming zero at the critical temperature. 
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Based upon t h e  c o n t a c t  ang le  measurements p re sen ted  i n  Ref 
111-2, t h e  l i q u i d  p r o p e l l a n t s  of i n t e r e s t  w i l l  tend t o  e x h i b i t  
c o n t a c t  ang le s  ranging from zero t o  two degrees  when i n  c o n t a c t  
with a clean,  metal s u r f a c e .  The c o n t a c t  ang le s  were measured 
f o r  hydrogen peroxide (go%), n i t r o g e n  t e t r o x i d e ,  fuming n i t r i c  
a c i d  (Type I I I B ) ,  UDMH, hydrazine and Aerozine-50 i n  c o n t a c t  w i th  
t h e  fol lowing metals: 6061-T6 aluminum; ASTM B348-59T (Grade 6) 
t i t an ium;  and 301 s t a i n l e s s  s teel .  The m e t a l s  were given both a 
po l i shed  and a randomly-roughened f i n i s h .  The zero t o  two degree 
va lues  included bo th  advancing and receding c o n t a c t  ang le s  obtained 
f o r  t h e  test l i q u i d  on t h e  c l ean ,  dry s o l i d .  The r eade r  i s  r e f e r r e d  
t o  Ref 111-3 f o r  a more complete d i s c u s s i o n  of c o n t a c t  angle .  
The c a p i l l a r y  p r e s s u r e  d i f f e r e n c e  f o r  a c i r c u l a r  pore,  as i n  
a p e r f o r a t e d  p l a t e ,  can b e  determined from Equation [ I I I - 3 ] .  Cap- 
i l l a r y  p r e s s u r e  r e t e n t i o n  f o r  pore geometries o t h e r  than c i r c u l a r  
i s  more a c c u r a t e l y  determined e m p i r i c a l l y .  The accepted technique 
i s  t h e  so -ca l l ed  "bubble point ' '  method. The foraminous material 
i s  covered by a t h i n  l a y e r  of l i q u i d ,  u s u a l l y  a l coho l ,  and i t s  un- 
d e r s i d e  i s  p r e s s u r i z e d  slowly wi th  a i r  o r  gaseous n i t r o g e n .  The 
p r e s s u r e  d i f f e r e n c e  a t  which t h e  f i r s t  bubble passes  through t h e  
material i s  termed the  bubble p o i n t  (BP).  The p r e s s u r e  r e t e n t i o n  
c a p a b i l i t y  f o r  v a r i o u s  s c r e e n  mesh s izes ,  as determined by Mart in  
Marietta us ing  t h e  BP technique,  i s  p resen ted  i n  Table III-Ib 
Table 111-1 Screen Pressure Retantion bur- 
Screen M a t e r i a l  
S t a i n l e s s  S t e e l  
S t a i n l e s s  S tee l  
S t a i n l e s s  S tee l  
S t a i n l e s s  S t e e l  
S t a i n l e s s  S tee l  
S t a i n l e s s  S tee l  
A1 umi num 
A1 umi num 
A1 umi num 
S t a i n l e s s  S t e e l  
S t a i n l e s s  S t e e l  
S t a i n l e s s  S tee l  
S t a i n l e s s  S t e e l  
S t a i n l e s s  S tee l  
S t a i n l e s s  S tee l  
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A s  shown i n  Table 111-1, t h e  f1a.t s c reen  samples were t e s t e d  
a t  t h r e e  d i f f e r e n t  cond i t ions :  as r ece ived ,  ice., t h e  sample w a s  
c u t  from t h e  r o l l  of s c r e e n  and t e s t e d ;  degreased (vapor d e g r e a s e r ) ;  
and u l t r a s o n i c a l l y  cleaned using a mild d e t e r g e n t  s o l u t i o n .  Bubble 
p o i n t  was measured us ing  a l /16-  t o  1/8-inch t h i c k  l i q u i d  methanol 
cover above t h e  sc reen .  The d a t a  are r e p r e s e n t a t i v e  of t h i s  meas- 
urement method and show t h e  range of bubble p o i n t s  measured. 
number i n  p a r e n t h e s i s  i n  t h e  BP column i s  t h e  number of bubble 
p o i n t  tests conducted. 
The 
The p r e s s u r e  r e t e n t i o n  f o r  a given s c r e e n  material and mesh 
s i z e  can b e  determined f o r  o t h e r  l i q u i d s  from: 
R 
t R  
U 
U (BP)& = - (BPI t R  3 
where t h e  s u b s c r i p t s  refer t o  t h e  o t h e r  l i q u i d ,  R ,  and t o  t h e  BP 
test l i q u i d ,  t R .  
When o rde r ing  fine-mesh s c r e e n ,  i t  is  u s u a l l y  b e s t  t o  s p e c i f y  
material, weave, mesh s i z e ,  and minimum BP. The b a s i c  c r i t e r i o n  
used f o r  s e l e c t i n g  t h e  c a p i l l a r y  material is  t h a t  
APc CAP,, 
[ 111-41 
where CAP is t h e  sum of p r e s s u r e  d i f f e r e n c e s  a c t i n g  a t  t h e  po re  
tending t o  d i s r u p t  (break down) +.he l i q u i d j g a s  i n t e r f a c e .  These 
adverse p r e s s u r e  d i f f e r e n c e s  may r e s u l t  from h y d r o s t a t i c  and hydro- 
dynamic heads,  l o s s e s  due t o  flow (en t r ance  and v i scous  contr ibu-  
t i o n s ) ,  e t c .  
a 
2 .  Hydrostatic In t e r f ace  StabiSSty 
[ 111-51 
F igure  111-2 shows a p a r t i a l l y  f i l l e d  tank.  The a c c e l e r a t i o n  
v e c t o r ,  as shown, i s  para l le l  t o  t h e  tank a x i s  and a c t s  i n  t h e  
d i r e c t i o n  tending t o  r e o r i e n t  t h e  p r o p e l l a n t  t o  t h e  oppos i t e  end 
of t h e  t ank .  However, i f  t h e  proper  r e l a t i o n s h i p  between f l u i d  
p r o p e r t i e s  ( s u r f a c e  t e n s i o n  and d e n s i t y )  and system geometry ( t a n k  
r a d i u s )  e x i s t ,  t h e  l i q u i d / g a s  i n t e r f a c e  w i l l  b e  s t a b l e  and t h e  
l i q u i d  w i l l  remain as shown. The c r i t e r i o n  f o r  determining hydro- 
s t a t i c  i n t e r f a c e  s t a b i l i t y  i s  t h e  Bond number (Bo), a dimension- 
less r a t i o  of body fo rces - to -cap i l l a ry  f o r c e s :  
p a L 2  Bo = 7. [ 111-61 
The c h a r a c t e r i s t i c  system dimension, L ,  is  t h e  tank r a d i u s  ( r )  f o r  
t h e  system shown. 
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Under Con t rac t  NAS8-11328 
(Ref 111-4)$ t h e  l i q u i d / v a p o r  
i n t e r f a c e  behavior  i n  an unbaf- 
f l e d ,  c y l i n d r i c a l  tank du r ing  
axisymmetric p r o p e l l a n t  s e t t l i n g  
w a s  eva lua ted  both experimental ly  
and t h e o r e t i c a l l y .  Drop tests 
were conducted i n  t h e  2.1-sec 
drop tower (Ref 111-5) t o  inves- 
t i g a t e  t h e  response of t h e  l i q -  
u i d  s u r f a c e  t o  sudden changes i n  
a x i a l  a c c e l e r a t i o n .  The i n t e r -  
f a c e  w a s  i n i t i a l l y  f l a t  (Bo >> 
1000). Good q u a l i t a t i v e  agree- 
ment between a n a l y t i c a l  r e s u l t s  
and experiments performed f o r  
s e t t l i n g  Bo numbers t o  1730 w a s  
achieved. A t  a Bo of 0 . 8 4 ,  o r  
less ,* t h e  l i qu id /vapor  i n t e r -  
f a c e  w a s  observed t o  b e  s t a b l e .  
A t  h i g h e r  Bo v a l u e s ,  0.84 < Bo 
30, l i q u i d  flow w a s  predominantly 
along t h e  walls of t h e  c y l i n d r i -  
c a l  c o n t a i n e r .  A t  Bo > 30, l i q -  
u id  w a s  s e t t l e d  both by flow 
along t h e  w a l l s  and as a c e n t r a l  
l i q u i d  column. 
Propel lan t  Tank 
The h y d r o s t a t i c  r e t e n t i o n  
c a p a b i l i t y  of foraminous material 
i s  considered n e x t ,  f i r s t ,  w i th  
t h e  a c c e l e r a t i o n  a c t i n g  normal 
t o  t h e  p e r f o r a t e d  s u r f a c e ,  and 
then w i t h  t h e  a c c e l e r a t i o n  v e c t o r  
p a r a l l e l  t o  t h e  s u r f a c e .  The 
f i r s t  case i s  p i c t u r e d  i n  F igu re  
111-3. The a c c e l e r a t i n g  f o r c e  
a c t s  normal t o  t h e  p e r f o r a t e d  
material a Hydros t a t i c  s t a b i l i t y  
occurs  i f  t h e  p r e s s u r e  d i f f e r e n c e  
support  t h e  l i q u i d  weight and 
t h e  s u r f a c e  t ens ion  f o r c e  a t  each 
opening s t a b i l i z e s  t h e  l i q u i d /  
gas i n t e r f a c e .  The l i q u i d  
h e i g h t ,  h ,  t h a t  i s  suppor t ab le  
can be c a l c u l a t e d  from: 
a c r o s s  t h e  l i q u i d  can 
('g - pl) 
Figure I 11-3 Hydrostatic Retenti on 
Capabi 1 i t y  Acceleration 
Normal 
*Based upon tank r a d i u s .  
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I f  t h e  l i q u i d  i s  supported,  l i q u i d  can only b e  l o s t  by u l l a g e  
d i s p l a c i n g  t h e  l i q u i d .  The h y d r o s t a t i c  s t a b i l i t y  c r i t e r i o n  a t  
each opening (pore)  can b e  determined from t h e  Bo number. R e s u l t s  
from Ref 111-6 suppor t  a c r i t i c a l  Bo of 0.84 (based on r a d i u s )  f o r  
c i r c u l a r  po res ,  wh i l e  t h e  low-g experimental  d a t a  tend t o  suppor t  
a va lue  of 0.45 f o r  square-weave s c r e e n  (based on one-half t h e  
opening) , 
Figure  111-4 i l l u s t r a t e s  
t h e  case of c a p i l l a r y  r e t e n -  
t i o n  wi th  t h e  a c c e l e r a t i o n  
v e c t o r  a c t i n g  p a r a l l e l  t o  t h e  
p e r f o r a t e d  b a r r i e r .  I n  t h i s  
case, t h e  h y d r o s t a t i c  pres-  
s u r e  is  such t h a t  t h e  gas 
phase is  a t t empt ing  t o  e n t e r  
t h e  pores  a t  one ex t r emi ty  of 
t h e  b a r r i e r  by d i s p l a c i n g  l i q -  
a u i d  a t  t h e  oppos i t e  end. The 
--.-----------9as c a p i l l a r y  f o r c e  prevents  gas 
Acceleration e n t r y  a t  each pore of t h e  
b a r r i e r ,  b u t  only t h e  po res  
a t  which t h e  maximum hydro- 
s t a t i c  p r e s s u r e  must b e  sup- 
po r t ed  are of i n t e r e s t .  For 
t h e  case i l l u s t r a t e d ,  t h e  
h y d r o s t a t i c  p r e s s u r e  d i f f e r -  
ence &cross the barrier is 
Figure 111-4 Hydrostatic Retention APh = pah. [ 111-81 Capabi 1 i ty Acceleration Para1 1 e l  
The c a p i l l a r y  r e t e n t i o n  p r e s s u r e  and t h e  h y d r o s t a t i c  p r e s s u r e  
act  i n  oppos i t i on  t o  each o t h e r  a t  t h e  po re ,  and may b e  equated 
t o  determine t h e  s t a b i l i t y  l i m i t .  The terms can b e  arranged i n  
a dimensionless parameter,  + 9  a r a t i o  of a c c e l e r a t i o n  forces- to-  
c a p i l l a r y  f o r c e s :  
ahR + = -  
B 9  [ 111-91 
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where B i s  t h e  k inemat ic  s u r f a c e  tension.?\  I n  a d d i t i o n  t o  t h i s  
dimensionless  number, another  parameter ,  G a ,  w a s  i den t i f i ed (Ref  111-7): 
ad2h Ga = -
V 2  
[ LII-101 
where d i s  pore  diameter  and v i s  k inemat ic  v i s c o s i t y .  The d a t a  
show a r e l a t i v e l y  s t r o n g  dependence on t h e  9 number and t h e  open- 
area r a t i o  (open t o  t o t a l  a r e a )  ( E )  and a weak dependence on t h e  
Ga number. The c r i t i c a l  4 ranged from 1 .2  t o  1 . 7  (5 = 36.2%) and 
2 . 1  t o  2 .5  (9.5 5 5 5 22.7%). The square-weave d a t a  ( 2 8 . 1 5  5 5 
34.8%) tend t o  suppor t  a c r i t i c a l  4 of 0.85 t o  0.95, whereas t h e  
t w i l l e d  m e t a l  c l o t h  r e s u l t s  show t h e  c r i t i c a l  9 = 1.1. The r eade r  
i s  r e f e r r e d  t o  Reference 111-7 f o r  a more complete d i s c u s s i o n  of 
t h e s e  s t a b i l i t y  c r i t e r i a .  
3. Hydrodynamic S t a b i l i t y  C r i t e r i a  
The foraminous devices  can a l s o  be  designed t o  damp and con- 
t r o l  l i q u i d s .  The exper imenta l  work performed under Cont rac t  
NAS8-21259 shows t h a t  t h e  Weber number (We) can b e  used t o  p r e d i c t  
low-g hydrodynamic s t a b i l i t y  (Ref 111-7). The c r i t i c a l  We number, 
a r a t i o  of i n e r t i a - t o - c a p i l l a r y  f o r c e s ,  is 
VC2L 
[ 111-111 - -  
B Y  Wec - 
where L i s  t h e  c h a r a c t e r i s t i c  dimension of t h e  foraminous material 
(pore  r a d i u s ,  f o r  example), v is  t h e  l i q u i d  impingement v e l o c i t y ,  
and f3 i s  t h e  k inemat ic  s u r f a c e  t ens ion .  To a lesser e x t e n t ,  t h e  
e f f e c t  of open-area r a t i o  (5) w a s  a l s o  a s ses sed .  
C 
The tests were conducted over  a range of s e t t l i n g  Bo numbers 
from 30.4 t o  135.0, based upon t h e  r a d i u s  of t h e  c y l i n d r i c a l  tanks. 
Liquid w a s  s e t t l e d  a g a i n s t  d i f f e r e n t  p e r f o r a t e d  b a r r i e r  configura-  
t i o n s  and containment w a s  observed. For example, complete damp- 
ing  (containment) w a s  v e r i f i e d  exper imenta l ly  a t  We 5 0.02 f o r  
Dutch-twil l  c l o t h  and t o  W e  3.0 f o r  double ,  p e r f o r a t e d  p l a t e .  
The l a t t e r  conf igu ra t ion  cons i s t ed  of two p l a t e s  s epa ra t ed  by a 
s m a l l  gap (0.032 i n . )  w i th  t h e  p l a t e s  skewed s o  t h a t  5 = 0.  
>$Kinematic s u r f a c e  t e n s i o n  i s  t h e  r a t i o  of s u r f a c e  tens ion-  
to - l iqu id  d e n s i t y .  
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Formulas f o r  l i q u i d  impingement v e l o c i t y  and l i q u i d  w a l l  f low,  
p re sen ted  i n  Ref 111-7, can b e  used t o  determine v . These d a t a  
are d i r e c t l y  a p p l i c a b l e  t o  t h e  cove rp la t e s  f o r  t h e  t r a p  designs 
p re sen ted  i n  Chapter IV. 
C 
4. Capi l lary Pumping 
I L -vapor I I I 




Note: Dashed l i n e s  a re  zero-g i n t e r -  
face condi t ions;  s o l i d  i n t e r -  
face l i n e s  a r e  gravity-dorni- 
nated. 
Figure 111-5 Capi l lary Standpipe 
Concept 
Refe r r ing  t o  F igu re  111-5, 
t h e  c a p i l l a r y  p r e s s u r e  d i f f e r -  
ence a c t i n g  on t h e  l i q u i d  i n  
t h e  annu la r  r e g i o n  is: 
[ 111-121 - 20(cos e >  pg - p R  - r - r '  ' 
where P i s  t h e  l i q u i d  p r e s s u r e  
a t  t h e  l i q u i d l v a p o r  i n t e r f a c e ,  
P i s  u l l a g e  p r e s s u r e ,  and r 
and r' are t h e  tube  r a d i i .  The 
p r e s s u r e  d i f f e r e n c e  causing 
l i q u i d  i n  t h e  s t andp ipe  t o  r i se  
o r  f a l l  due t o  s u r f a c e  t e n s i o n  
a lone  i s :  
R 
g 
COS e ,  [ 111-131 
where P '  i s  t h e  l i q u i d  p r e s s u r e  
a t  t h e  l i qu id /vapor  i n t e r f a c e  
R 
, of t h e  s t andp ipe ,  and y = r ' / r .  It is  seen  t h a t  no c a p i l l a r y  
pumping r e s u l t s  when y = 0.50; l i q u i d  w i l l  r i se  i n  t h e  annulus 
when y > 0.50. Liquid w i l l  b e  pumped from t h e  annulus t o  t h e  
s t andp ipe  when y < 0.50. 
This  c a p i l l a r y  pumping phenomenon, i . e o 5  l i q u i d  w i l l  b e  pumped 
from a r e g i o n  wi th  a l a r g e  i n t e r f a c e  cu rva tu re  t o  a r eg ion  of lesser 
cu rva tu re ,  is  used i n  t h e  Fruhof design t o  ensu re  p r o p e l l a n t  over  
t h e  tank o u t l e t ,  Open c a p i l l a r y  channels are used t o  provide phys- 
i ca l  communication between t h e  o u t l e t  and o t h e r  r eg ions  i n  t h e  t ank  
where p r o p e l l a n t  may come t o  rest. Liquid w i l l  tend t o  flow from 
these  r eg ions  t o  t h e  o u t l e t  due t o  c a p i l l a r y  pumping. The c a p i l l a r y  
channels are an open design s o  t h a t  u l l a g e  i s  n o t  t rapped during 
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f i l l i n g .  I f  t h e  channel  i s  i n  t h e  form of a V-shape, e n t r a i n e d  
u l l a g e  bubbles  w i l l  b e  moved outward by c a p i l l a r y  a c t i o n  t o  the 
p o i n t  where t h e  channel  wid th  i s  equa l  t o  t h e  bubble  d iameter .  
Coalescence of bubbles  w i l l  r e s u l t  i n  l a r g e r  bubbles ,  which w i l l  
be  moved f u r t h e r  o u t  i n  t h e  channel .  A n a l y t i c a l  t o o l s  and exper i -  
mental  d a t a  are a v a i l a b l e  t o  estimate c a p i l l a r y  pumping rates 
(Ref 111-7, 111-8, and 111-9). 
The fine-mesh s c r e e n  des igns  r e l y  upon t h r u s t i n g  pe r iods  t o  
s e t t l e  p r o p e l l a n t  (away from t h e  t r a p  p r i o r  t o  engine start)  over  
t h e  t r a p .  S e t t l i n g  i s  a lesser c o n s i d e r a t i o n  f o r  t h e  Fruhof de- 
s i g n .  
S e t t l i n g  w a s  d i scussed  earlier under Subsec t ion  2 ,  Hydros t a t i c  
I n t e r f a c e  S t a b i l i t y .  These works (Ref 111-4 and 111-7) cons idered  
t h e  case where t h e  l i q u i d / u l l a g e  i n t e r f a c e  w a s  i n i t i a l l y  f l a t .  
Flow c h a r a c t e r i s t i c s  €o r  i n i t i a l l y  curved i n t e r f a c e s  have a l s o  
been s t u d i e d  (Ref 111-9, 111-10, and 111-11). Liquid v e l o c i t i e s ,  
vo lumetr ic  f l o w r a t e s ,  and s e t t l i n g  t i m e s ,  can be  es t imated  us ing  
t h e s e  r e s u l t s .  McCarthy (Ref 111-11) sugges t s  a dimensionlpss  
t i m e  parameter  ( T )  de f ined  as t h e  number of f r e e - f a l l  pe r iods  ( t )  
r equ i r ed  t o  o b t a i n  bubble-free,  s e t t l e d  l i q u i d :  
[ 111-141 
where d i s  t h e  l i q u i d  f r e e - f a l l  h e i g h t  and a i s  t h e  a x i a l  accel- 
e r a t i o n .  A t  T = 1 0 ,  bubble-free l i q u i d  i s  s e t t l e d  (Ref 111-11). 
Bubble-free p r o p e l l a n t  i s  n o t  r equ i r ed  a t  t h e  cove rp la t e ,  however, 
because t h e  c a p i l l a r y  p r e s s u r e  d i f f e r e n c e  a t  each po re  of t h e  
we t t ed ,  foraminous material  w i l l  permi t  l i q u i d  t o  e n t e r  t h e  t r a p  
wh i l e  excluding u l l a g e  gas .  Based on t h e  McCarthy d a t a ,  T = 3.0 
i s  cons idered  conse rva t ive  f o r  e s t i m a t i n g  s e t t l i n g  t i m e s  i n  de- 
s i g n i n g  t r a p  dev ices .  Ul lage  w i l l  be  i n g e s t e d  dur ing  engine  burns 
u n t i l  t h e  p r o p e l l a n t  is s e t t l e d  over  t h e  cove rp la t e  and t h e  t r a p  
i s  s i z e d  t o  accommodate t h i s  i n g e s t i o n .  
S 
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B. DEVELOPMENT STATUS 
The development of s u r f a c e  t e n s i o n  systems f o r  s u b c r i t i c a l  
f l u i d  s t o r a g e  during low-g ope ra t ion  has  progressed r a p i d l y  over 
t h e  p a s t  decade. The l i t e r a t u r e  reviews p resen ted  i n  Ref 111-12 
and 111-13 summarize t h i s  work. The r e c e n t  survey paper (Ref 
111-14) summarizes v a r i o u s  f l i g h t  a p p l i c a t i o n s  f o r  s u r f a c e  t e n s i o n  
p r o p e l l a n t  a c q u i s i t i o n  systems. This f l i g h t  experience i n c l u d e s  
s u c c e s s f u l  performance f o r  systems used i n  t h e  Agena, Apollo Serv- 
ice Module, and t h e  Transtage.  The Apollo Se rv ice  Module and 
Transtage u s e  u l l a g e  rocke t s  i n  conjunct ion wi th  c a p i l l a r y  devices  
t o  ensu re  l i q u i d  f eed  t o  t h e  engine during t h e  s tar t  sequence. 
The Agena relies s o l e l y  on c a p i l l a r y  sump designs t o  a c q u i r e  suf- 
f i c i e n t  l i q u i d  p r i o r  t o  and during t h e  low-g restart t o  supply 
gas-free p r o p e l l a n t  u n t i l  t h e  remaining p r o p e l l a n t  i n  t h e  tank i s  
r e o r i e n t e d .  
The f l i g h t  experience t o  d a t e  has  been f o r  Ea r th - s to rab le  pro- 
p e l l a n t s ;  t h e r e f o r e ,  t h e  s u r f a c e  t e n s i o n  systems p resen ted  i n  
Chapters I V  and V f o r  Missions A2 and B are considered s t a t e - o f -  
t he -a r t .  The designs p re sen ted  €or  t h e  space s t o r a b l e s  (Mission 
A I )  are a l s o  considered t o  be w i t h i n  t h e  s t a t e -o f - the -a r t ,  s i n c e  
tank ven t ing  is  n o t  a des ign  requirement.  I f  tank ven t ing  is  a 
requirement,  as i n  cryogenic  s t o r a g e ,  more deve lopmnt  work (Ref 
111-15, 111-16, and 111-17) is  needed. 
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I V .  PROPELLANT A C Q U I S I T I O N  SYSTEM - ONE-G T E S T A B L E  D E S I G N  
I V - 1  
This  chap te r  p r e s e n t s  ana lyses  and des igns  of va r ious  s u r f a c e  
t e n s i o n  devices  t h a t  can demonstrate  gas- f ree  l i q u i d  expuls ion  i n  
a I-g environment. The expuls ion  i s  performed wi th  t h e  f u l l -  
scale c a p i l l a r y  des ign  i n v e r t e d ,  i . e . ,  t h e  l i q u i d  d r a i n  p o r t  i s  
a t  t h e  h i g h e s t  s t a t i o n .  This  t e s t i n g  i s  commonly r e f e r r e d  t o  as 
"minus 1 g" s i n c e  E a r t h ' s  g r a v i t a t i o n  tends  t o  p o s i t i o n  l i q u i d  
away from t h e  d r a i n  p o r t .  
A .  ONE-G T E S T  C R I T E R I A  
The s u r f a c e  t ens ion  device  must have t h e  p r e s s u r e  r e t e n t i o n  
c a p a b i l i t y  r equ i r ed  t o  expe l  s ing le-phase  l i q u i d  i n  minus 1 g ,  
under which t h e  h y d r o s t a t i c  d i f f e r e n t i a l  p r e s s u r e s  are u s u a l l y  
much l a r g e r  than  t h e  sum of o t h e r  u p s e t t i n g  p r e s s u r e  d i f f e r e n c e s  
t h a t  may be  experienced dur ing  t h e  a c t u a l  miss ion .  Therefore ,  
minus 1 g tends  t o  impose a worst-case expuls ion  cond i t ion  on 
t h e  device .  However, i f  t h e  dev ice  can r e t a i n  l i q u i d  and func t ion  
p rope r ly  under t h i s  worst-case cond i t ion ,  t h e r e  i s  ample a s su r -  
ance t h a t  i t  w i l l  ope ra t e  s a t i s f a c t o r i l y  dur ing  t h e  mission.* 
S ince  t h e  o b j e c t i v e  w a s  t o  des ign  t h e  s u r f a c e  t ens ion  dev ice  t o  
s a t i s f y  t h e  minus 1-g expuls ion  requirement ,  t h e  approach w a s  t o  
make t h e  d e s i g n / t e s t  as meaningful and comprehensive as p o s s i b l e .  
The p r e f e r r e d  tes t  i s  one i n  which t h e  a c t u a l  p r o p e l l a n t  i s  com- 
p l e t e l y  expe l l ed  from t h e  f u l l - s c a l e  device  us ing  t h e  des ign  
f lowra te s .  
>k Martin Marietta has  demonstrated gas- f ree  l i q u i d  expuls ion  
under minus 1 g w i t h  va r ious  c a p i l l a r y  dev ices ,  i nc lud ing  f i n e -  
mesh t r a p s .  The l i q u i d  r e s e r v o i r  i n  t h e  t r a p  i s  expel led  * . .  n o t  
t h e  t o t a l  l oadab le  p r o p e l l a n t .  The reservo . i r  and f low annulus  
i n  t h e  t r a p  were f i l l e d  wi th  l i q u i d  dur ing  tank  loading .  The 
minus 1-g tes ts ,  t h e r e f o r e ,  d i d  n o t  demonstrate  r e f i l l  c a p a b i l i t y  
of t h e  t r a p  no r  t h e  a b i l i t y  of t h e  t r a p  t o  r e t a i n  s u f f i c i e n t  
l i q u i d  under t h e  low-g a c c e l e r a t i o n  environment e e e  merely gas- 
f r e e  l i q u i d  expuls ion .  Add i t iona l  t es t s ,  i nc lud ing  subsca le  
models w i th  r e f e r e e  l i q u i d s  (not  p r o p e l l a n t s )  testeu i n  a drop 
tower,  a r e  needed t o  demonstrate  t h e  r equ i r ed  l i q u i d  r e t e n t i o n  
i n  t h e  t r a p .  
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A v a i l a b i l i t y  of material f o r  use i n  t h e  device  i s  important  
i n  e s t a b l i s h i n g  c r i t e r i a  f o r  1-g t e s t i n g .  Aluminum w a s  s e l e c t e d  
f o r  cons t ruc t ing  t h e  Mission A1 tank;  t i t an ium was s e l e c t e d  f o r  
Missions A2 and B.  These materials provide  t h e  b e s t  mechanical 
p r o p e r t i e s  and are most compatible w i t h  t h e  p r o p e l l a n t s  (Ref I V - 1 ) .  
I t  i s  d e s i r a b l e  t h a t  t h e  s u r f a c e  t e n s i o n  device  and t h e  tank be  
cons t ruc ted  of t h e  same materials,  so  t h a t  problems a s s o c i a t e d  
wi th  t h e  use of d i s s i m i l a r  materials are avoided,  and compati- 
b i l i t y  i s  n o t  compromised. 
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Figure IV-1 Dutch Twill Weave (Ref 
J .  C .  Armour and J .  N. Cannon: 
Fluid Flow th rough  Woven Screens ,‘I 
AICHE JownaZ, May 1968 
Figure IV-2 180 x 180 Mesh Twill 
Weave Titanium Screen 
The f i n e s t  aluminum sc reen  
m a t e r i a l  commercially a v a i l a b l e  
i s  200 x 1400 mesh Dutch t w i l l  
weave, which has  two hundred 
0.0028-in. diameter  warp wires 
and f o u r t e e n  hundred 0.0016-in. 
diameter  s h u t e  w i r e s ,  p e r  inch .  
This  type  of weave (Fig.  IV-1) 
produces a c l o s e  overlapping of 
t he  s h u t e  wires,  which p r e s e n t s  
a to r tuous  f low p a t h  through t h e  
sc reen .  
- 
The f i n e s t  t i t an ium sc reen  
m a t e r i a l  (Fig.  IV-2) a v a i l a b l e  
i s  180 x 180 mesh t w i l l  weave, 
which has  180 w i r e s  (0.0021-in. 
diameter)  p e r  i n c h  f o r  bo th  t h e  
warp and s h u t e  w i r e s .  The form 
of t h e  mesh t w i l l  weave i s  con- 
s i d e r a b l y  more open and loose  
than  t h e  Dutch t w i l l  weave. 
The r e t e n t i o n  c a p a b i l i t y  of 
s c reen  is  b e s t  determined by t h e  
bubble p o i n t  method (Chapter 111) .  
Under 1-g s t a t i c  cond i t ions ,  
t he  r e t e n t i o n  c a p a b i l i t y  of t h e  
foraminous material must exceed 
t h e  maximum h y d r o s t a t i c  p r e s s u r e .  
Based on t h e  bubble po in t*  f o r  t h e  f i n e s t  aluminum and t i t an ium 
sc reen ,  and t h e  p r o p e r t i e s  of t h e  p r o p e l l a n t s ,  t h e  maximum h e i g h t s  
of l i q u i d  t h a t  can be  supported under 1 g are p resen ted  i n  Table  
I V - 1 .  
* The BP d a t a  presented  i n  Table  111-1 w e r e  used. A s a f e t y  
A BP = 8.2 i n .  H 2 0  w a s  used i n  p l a c e  of t h e  
f a c t o r  of two (normal des ign  p r a c t i c e )  w a s  used f o r  t h e  aluminum 
200 x 1400 sc reen .  
measured 16.3 t o  1 6 . 4  i n .  H 2 0 .  This  approach w a s  n o t  p o s s i b l e  
wi th  the  coa r se r  t i t an ium sc reen .  S ince  BP d a t a  were no t  avail-  
a b l e  f o r  t h e  t i t an ium sc reen ,  t h e  s t a i n l e s s  steel  d a t a  (Table 
111-1) were used.  Also,  t h e  180 x 180 mesh BP range of 3.27 t o  
4.00 i n ,  H 2 0  w a s  determined by i n t e r p o l a t i o n .  The upper l i m i t s  
f o r  t h e  BP range were used w i t h  no s a f e t y  f a c t o r :  100 x 100 
mesh - 2.28 i n .  H20; and 180 x 180 mesh - 4.00 i n .  H 2 0 .  
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Table IV-1 Maximum Hydros ta t ic  Head 
Q 





Ni t ra ted  
Hydrazine 
kSafety Factor o f  two. 
Mesh S i z e  
200 x 1400 
200 x 1400 
180 x 180 
180 x 180 
180 x 180 
100 x 100 
Bubble Poin t  
(with propel - 








Head, 1 g 







The suppor t ab le  heads l i s t e d  f o r  OF2 and N2O4 are smallest 
because t h e  o x i d i z e r s  have r e l a t i v e l y  low s u r f a c e  t ens ions  and 
h igh  d e n s i t i e s  i n  comparison t o  t h e  f u e l s  (Table 11-6). The 
heads l i s t e d  i n  Table  I V - 1  are t h e  l i m i t i n g  h e i g h t s  of l i q u i d  
t h a t  can be  supported by t h e  s c r e e n  mesh s i z e s  under t h e  s t a t i c  
(no flow) 1-g cond i t ion .  The s u r f a c e  t e n s i o n  device  t h a t  b e s t  
s a t i s f i e s  t h e s e  r e l a t i v e l y  small  
h y d r o s t a t i c  head requirements  
i s  a p r o p e l l a n t  t r a p  (Fig.  I V - 3 ) .  
The t r a p  c o n s i s t s  of a p e r f o r a t e d  
cove rp la t e  and sc reen  annulus .  
The c o v e r p l a t e  provides  a bar- 
r ier  t h a t  ho lds  t h e  p r o p e l l a n t  
w i t h i n  t h e  r e s e r v o i r ,  wh i l e  t h e  
annulus provides  a p r e f e r e n t i a l  
pa th  f o r  l i q u i d  ( i n  t h e  t r a p  
r e s e r v o i r )  t o  flow ou t  of t he  
tank  o u t l e t .  For t h i s  type  of 
dev ice ,  t h e  maximum h e i g h t  of 
l i q u i d  t h a t  must be supported 
by t h e  annulus  sc reen  i n  o rde r  
t o  expe l  t h e  t r a p  r e s e r v o i r  com- 
p l e t e l y  i s  t h e  he igh t  (h) of l i q u i d  
i n  t h e  annulus  (F ig .  I V - 3 ) .  
Figure IV-3 P rope l l an t  Trap 
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A s  d i scussed ,  i t  i s  d e s i r e d  t h a t  t h e  h e i g h t  of l i q u i d  t h a t  
t h e  s c r e e n  can support  should b e  g r e a t e r  than t h e  h e i g h t  of t h e  
t r a p .  However, t h e  t r a p  volume i s  s i z e d  s o  t h a t  s u f f i c i e n t  l i q u i d  
is  contained t o  s tar t  t h e  engine and s e t t l e  t h e  remaining propel-  
l a n t  i n  t h e  tank,  thereby providing a continuous supply of gas- 
f r e e  l i q u i d  t o  t h e  engine.  I f  t h e  t r a p  h e i g h t  needed t o  s a t i s f y  
the  engine demand during p r o p e l l a n t  s e t t l i n g  i s  g r e a t e r  than 
t h a t  suppor t ab le  by t h e  f i n e s t  mesh s c r e e n s ,  t h e  t r a p  r e s e r v o i r  
cannot b e  completely d ra ined  of l i q u i d  and, beyond a c e r t a i n  p o i n t ,  
gas i n  t h e  r e s e r v o i r  w i l l  be  i n g e s t e d  i n t o  t h e  l i q u i d  being ex- 
p e l l e d .  Th i s  i n g e s t i o n  p o i n t  can be p r e d i c t e d .  
B. PROPELLANT TRAP DESIGN 
Deta i l ed  drawings of t he  p r o p e l l a n t  t r a p s  designed f o r  Missions 
A, and B are p resen ted  i n  Figures  IV-4 and IV-5, r e s p e c t i v e l y .  
The s u r f a c e  t e n s i o n  des ign  f o r  Mission A2 i s  e x a c t l y  t h e  same as 
t h a t  of Mission B ,  except  f o r  i t s  s i z e  and t h e  s c r e e n  material. 
A d e t a i l e d  drawing f o r  A2 i s  n o t  p re sen ted ;  however, Figure IV-6 
shows p e r t i n e n t  dimensions f o r  t h e  t r a p  dev ice ,  and Figure IV-5 
shows f a b r i c a t i o n  d e t a i l s .  The t r a p  designs p re sen ted  f o r  
Missions A1 and A2 would be used i n  both t h e  f u e l  and t h e  o x i d i z e r  
tanks.  The t r a p s  w e r e  designed t o  a c q u i r e  and c o n t r o l  t h e  
o x i d i z e r ,  s i n c e  o x i d i z e r s  posses s  a lower kinematic  s u r f a c e  ten- 
s i o n  ( r a t i o  of s u r f a c e  tension-to- l iquid d e n s i t y )  than f u e l s .  
A s  d i scussed  i n  Volume I and la ter  i n  t h i s  c h a p t e r ,  kinematic  
s u r f a c e  t e n s i o n  i s  a c r i t i c a l  parameter i n  t h e  des ign  of s u r f a c e  
t ens ion  c o n t r o l  systems. 
A pleated-screen l i n e r ,  which o f f e r s  advantages i n  both f a b r i -  
c a t i o n  and ope ra t ion  of t h e  t r a p ,  i s  used t o  form t h e  annulus.  
A se l f - suppor t ing  s t r u c t u r e  i s  provided by p l e a t i n g  t h e  sc reen ,  
and no a d d i t i o n a l  support  i s  r e q u i r e d .  
e f f i c i e n c y  i s  determined by t h e  volume of t h e  annulus ,  t h e  p l ea t ed -  
l i n e r  minimizes t h i s  volume whi l e  providing a g r e a t e r  f low area 
( than f l a t ,  unpleated sc reen )  f o r  p r o p e l l a n t  i n  t h e  r e s e r v o i r  t o  
e n t e r  t h e  annulus.  The la t te r  minimizes t h e  p r e s s u r e  l o s s  due 
t o  t h e  flow of p r o p e l l a n t  through t h e  sc reen  during expuls ion by 
reducing t h e  f l o w r a t e  p e r  u n i t  area. 
Since t h e  expu l s ion  
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IV-9 
The cove rp la t e  i s  a sandwich- 
type  conf igu ra t ion  t h a t  c o n s i s t s  
of s h e e t s  of s c r e e n  and perfo-  
r a t e d  p l a t e ,  as shown i n  t h e  
f i g u r e s .  Th i s  combination pro- 
v i d e s  i n t e r n a l  c a p i l l a r y  f low 
pa ths  w i t h i n  t h e  cove rp la t e  t o  
a i d  wicking and main ta in  t h e  
d e s i r e d  we t t ed  b a r r i e r ,  p rovides  
good damping of p r o p e l l a n t  mo- 
t i o n  ( s lo sh )  t o  keep l i q u i d  from 
l eav ing  t h e  t r a p  fo l lowing  an 
engine shutdown (o r  under vehi- 
c l e  maneuvers), and a l s o  pro- 
v i d e s  r e q u i r e d  s t r u c t u r a l  in-  
t e g r i  t y  @ 
". 1. Trap Volume 
The miss ion  p r o f i l e  (number 
and d u r a t i o n  of engine burns)  
determines t h e  r equ i r ed  s i z e  of 
Figure IV-6 Propellant Trap for t h e  p r o p e l l a n t  t r a p .  A s  d i s -  
cussed i n  t h e  prev ious  s e c t i o n ,  
t h i s  t r a p  depth i s  c r i t i c a l  t o  
Mission A2 
t h e  t r a p  expu l s ion  e f f i c i e n c y  a t t a i n a b l e  dur ing  t h e  minus l-g tests. 
There must be  enough p r o p e l l a n t  i n  t h e  t r a p  t o  restart t h e  engine 
and t o  main ta in  gas-free p r o p e l l a n t  dur ing  t h e  du ra t ion  of  t h e  
burn.  From t h e  a n a l y s i s  of t h e  cove rp la t e  (Sec t ion  B.3), i t  can 
be  seen  t h a t  t h e  requirements  of  t h e  l-g tes t  l i m i t  t h e  des ign  of  
t h e  t r a p ,  i n  t h a t  i t  cannot be r e f i l l e d  w i t h  t h e  s e t t l e d  propel-  
l a n t  dur ing  each burn.  Therefore ,  t h e  t r a p  volumes w e r e  s i z e d  
t o  ho ld  enough p r o p e l l a n t  i n  t h e  t r a p  t o  accomplish t h e  engine  
s ta r t  and p r o p e l l a n t  s e t t l i n g  f o r  a l l  burns w i t h  no r e f i l l i n g  
( u l l a g e  purg ing) .  
Any f a c t o r  t h a t  may cause l o s s  of p r o p e l l a n t  from t h e  t r a p  
must be  cons idered  i n  these  des igns .  The primary cons ide ra t ions  
are a c c e l e r a t i o n  v e c t o r s  and t h e i r  corresponding impulses t h a t  
may tend  t o  move t h e  p r o p e l l a n t  away from t h e  o u t l e t  and d i s lodge  
i t  from t h e  t r a p .  By proper  s e l e c t i o n  of t h e  cove rp la t e  po re  s i z e ,  
as d i scussed  l a t e r  t h e  p r o p e l l a n t  can be  completely r e t a i n e d  under 
t h e s e  p e r t u r b a t i o n s .  
Another f a c t o r  i s  t h e  e f f e c t  of  d i s so lved  p r e s s u r a n t ,  which w a s  
d i scussed  i n  d e t a i l  i n  Volume I. The g r e a t e s t  e f f e c t ,  due t o  evo- 
l u t i o n  of d i s so lved  p r e s s u r a n t ,  i s  f o r  t h e  OF2 tank.  It w a s  shown 
t h a t  a t  most, 0.16 l b  of OF2 may be fo rced  ou t  of t h e  t r a p .  As  
w i l l  be d i scussed ,  t h e  t r a p  i s  s i z e d  t o  compensate f o r  t h i s  small 
p o s s i b l e  l i q u i d  l o s s  a 
m 
Thermal e f f e c t s ,  such as v a p o r i z a t i o n  and f l u i d  d e n s i t y  changes, 
can cause a l o s s  of p r o p e l l a n t  from t h e  t r a p .  The cause and t h e  
magnitude of t h e s e  e f f e c t s  are d i scussed  i n  S e c t i o n  D. Since 
t h e s e  e f f e c t s  appear s i g n i f i c a n t  f o r  Missions A1 and A2,  a s l i g h t l y  
d i f f e r e n t  approach w a s  used i n  s i z i n g  t h e  t r a p s  f o r  t h e s e  m i s -  
s i o n s .  The t r a p  volume w a s  set equa l  t o  t h e  volume of p r o p e l l a n t  
consumed during t h e  l as t  t h r e e  engine burns,  i .e . ,  t h e  t r i m s  t h a t  
fol low o r b i t a l  i n s e r t i o n .  Since t h e  f u e l  and o x i d i z e r  tanks w i l l  
have t h e  same s i z e  t r a p ,  t h e  l a r g e r  of t h e  two volumes w a s  used 
t o  determine t h e  t r a p  s i z e  f o r  t h a t  mission.  The bulk l i q u i d  above 
the  cove rp la t e  w i l l  be i n  c o n t a c t  w i th  t h e  c o v e r p l a t e  p r i o r  t o  
each of t h e  f i r s t  t h r e e  burns.  When l i q u i d  i s  i n  c o n t a c t  w i th  the  
cove rp la t e ,  t h e r e  w i l l  be  no gas i n g e s t i o n  i n t o  t h e  p r o p e l l a n t  
t r a p  du r ing  burns.  A t  t h e  end of t h e  i n s e r t i o n  burn,  a l l  of t h e  
p r o p e l l a n t  w i l l  be  l o c a t e d  w i t h i n  t h e  t r a p .  
To show t h a t  t h e  i n t e r f a c e  of t h e  bulk l i q u i d  would be i n  con- 
tact  w i t h  t h e  cove rp la t e  p r i o r  t o  each of t h e  f i r s t  t h r e e  burns,  
a c c e l e r a t i o n s  t h a t  tend t o  move p r o p e l l a n t  away from t h e  cover- 
p l a t e  w e r e  considered.  The a c c e l e r a t i o n  levels included i n  t h e  
mission c r i t e r i a  were used t o  e s t a b l i s h  worst-case (maximum) ac- 
c e l e r a t i o n s .  F i r i n g  of t h e  ACS w i l l  produce t h e  l a r g e s t  acce le r -  
a t i o n s  between engine burns.  It  w a s  assumed t h a t  t he  ACS could 
provide simultaneous p i t c h ,  yaw, and r o l l  maneuvers and t h e  magni- 
tude of t h e  a c c e l e r a t i o n  produced could equa l  t h e  square r o o t  of 
the sum of t h e  squa res  of t h e  a c c e l e r a t i o n s  due t o  each component 
of t h e  maneuver. It w a s  f u r t h e r  assumed t h a t  t h i s  v e c t o r  could 
a c t  a long any a x i s .  Using t h i s  approach, t h e  fol lowing maximum 
nega t ive -ax ia l  and la teral  a c c e l e r a t i o n s  were c a l c u l a t e d :  Mission 
A l ,  9.57 x 10’5g; Mission A2,  8 . 3 3  x 10-5g; and Mission B ,  3.0 
x 10-5g. The f r ee - su r face  i n t e r f a c e  p o s i t i o n  w a s  c a l c u l a t e d  based 
on the  maximum, nega t ive -ax ia l  a c c e l e r a t i o n  and t h e  volume of pro- 
p e l l a n t  remaining p r i o r  t o  t h e  i n s e r t i o n  burn. F igu re  IV-7  shows 
t h e  p o s i t i o n  of t h e  i n t e r f a c e  under t h e s e  cond i t ions  f o r  t h e  f u e l  
and o x i d i z e r  tanks (Missions A1 and A2). 
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a) Mission A, - Fuel Tank 




d )  Mission A2 - Oxidizer Tank C) Mission A2 - Fuel Tank 
Figure IV-7 Interface Shapes Before Insertion Burn 
IV-12  
Miss ion  
MC R= 7 0- 1 7  1 
P r o p e l l a n t  
Using t h i s  approach t o  s i z e  t h e  p r o p e l l a n t  t r a p ,  a l l  t h e  pro- 
p e l l a n t  i s  pos i t i oned  i n  the  t r a p  over  t h e  tank  o u t l e t  fo l lowing  
t h e  i n s e r t i o n  burn.  The problem of h e a t  soakback from t h e  engine  
i s  reviewed l a t e r  i n  t h i s  chapter .  I n  a d d i t i o n  t o  t rapped propel-  
l a n t  a c t i n g  as a h e a t  s i n k ,  t h e r e  w i l l  be  a s u r p l u s  of p r o p e l l a n t  
w i t h i n  t h e  t r a p  so  t h a t  some l o s s  due t o  v a p o r i z a t i o n  i s  a l lowable .  
The amount of  p r o p e l l a n t  r equ i r ed  t o  s ta r t  t h e  engine  and se t t le  
t h e  p r o p e l l a n t  f o r  each of t h e  last  t h r e e  burns w a s  c a l c u l a t e d ,  
and t h e  s u r p l u s  of p r o p e l l a n t  i n  the  t r a p  w a s  determined (Table 
IV-2) D 
Yiss ion  A, 
vl ission A2 
Table IV-2 P r o p e l l a n t  Q u a n t i t i e s  W i t h i n  the  Trap 
B2H6 10.3 5.8 4.5 
OF2 30.8 17.3 13.5 
MMH 21.3 7.2 14.1 
N2°4 33.1 11.3 21.8 
Mass Required t o  
S t a r t  and S e t t l e  
For Mission B, t h e  s i z e  of  t h e  t r a p  was determined by t h e  
amount of p r o p e l l a n t  r e q u i r e d  t o  s t a r t  t h e  engine and s e t t l e  t h e  
p r o p e l l a n t  f o r  each of t h e  n ine  burns.  This  volume w a s  then  in-  
c reased  by a s a f e t y  f a c t o r  of 1 .5 ,  t o  compensate f o r  a d d i t i o n a l  
e f f e c t s  (prev ious ly  i d e n t i f i e d )  t h a t  may cause a l o s s  of l i q u i d  
from t h e  t r a p .  
A s  a r e s u l t  of t h i s  a n a l y s i s ,  t he  fo l lowing  t r a p  s i z e s  were 
Mission A , ,  0.340 f t 3 ;  Mission A,, 0.383 f t 3 ;  and 
From t h e s e  volumes, t h e  h e i g h t  and o t h e r  
e s t a b l i s h e d :  
Mission B ,  0.105 f t 3 ,  
dimensions of t h e  t r a p  were c a l c u l a t e d ,  
2. Annulus 
Q 
a. One g - The h e i g h t  of t h e  annulus and t h e  s i z e  of t h e  flow 
passages determine the  magnitude of t h e  p r e s s u r e  l o s s e s  t h a t  w i l l  
occur as t h e  p r o p e l l a n t  f lows t o  t h e  tank  o u t l e t .  The sc reen  
mater ia l  from which the annulus  is  formed determines t h e  amount 
of d i f f e r e n t i a l  p r e s s u r e  a l lowable  between t h e  annulus  and t h e  
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r e s e r v o i r .  I n g e s t i o n  of gas  i n t o  t h e  annulus  w i l l  occur  i f  t h e  
d i f f e r e n t i a l  p r e s s u r e  exceeds t h e  r e t e n t i o n  c a p a b i l i t y  (Bubble 
p o i n t )  of t h e  annulus  sc reen  material. 
Consider t h e  f low of propel-  
l a n t  f o r  a p o i n t  i n  t i m e  dur ing  
t h e  1-g tes t  (Fig.  IV-8) e The 
p r e s s u r e  of t h e  l i q u i d  and gas 
i n  t h e  r e s e r v o i r  are equa l .  A 
p r e s s u r e  l o s s  occurs  as t h e  
l i q u i d  flows through t h e  sc reen  
i n t o  t h e  annulus .  This  l o s s  i s  
a f u n c t i o n  of  t h e  weave, mesh 
s i z e ,  and f low area of t h e  
sc reen  and t h e  f lowra te  of  t h e  
l i q u i d .  A s  l i q u i d  f lows through 
t h e  annulus ,  f low area decreases  
as t h e  o u t l e t  i s  approached, 
so  t h e  s t a t i c  p r e s s u r e  decreases  
( v e l o c i t y  i n c r e a s e s )  e I n  ad- 
d i t i o n ,  f r i c t i o n  w i l l  a l s o  cause 
a decrease  i n  p r e s s u r e  as t h e  
l i q u i d  f lows along t h e  annulus .  
The he igh t  t h e  l i q u i d  i n  t h e  
annulus  a t t a i n s  (shown as h i n  
t h e  f i g u r e )  determines how much 
t h e  p r e s s u r e  i s  reduced due t o  
t h e  h y d r o s t a t i c  head. These 
p r e s s u r e  d i f f e r e n c e s  are addi-  
t i ve  and t h e  p o i n t  on t h e  sc reen  
s u r f a c e  a t  which t h e i r  sum i s  
t h e  l a r g e s t  i s  i d e n t i f i e d  as 
t h e  c r i t i c a l  pore .  A t  t h i s  
p o i n t ,  t h e  p r e s s u r e  of t h e  l i q u i d  
i s  reduced i n  comparison t o  t h e  p r e s s u r e  of t h e  gas  on t h e  oppos i t e  
s i d e  of t h e  sc reen .  I f  t h e  l i q u i d  p r e s s u r e  h a s  been reduced such 
t h a t  t h e  l i qu id -u l l age  p r e s s u r e  d i f f e r e n c e  exceeds t h e  r e t e n t i o n  
p r e s s u r e  of t h e  sc reen ,  gas  w i l l  be  drawn i n t o  t h e  annulus  caus ing  
i n t e r r u p t i o n  of t h e  expuls ion  of gas- f ree  l i q u i d .  
F i g u r e  IV-8 Outflow d u r i n g  l+-g Test 
A s  l i q u i d  i s  expe l l ed  from t h e  t r a p ,  t h e  p r e s s u r e  d i f f e r -  
ence (measured a t  t h e  c r i t i c a l  pore)  i n c r e a s e s .  The he igh t  grows, 
i n c r e a s i n g  t h e  head l o s s  wh i l e  reducing t h e  f low area of l i q u i d  
l eav ing  t h e  r e s e r v o i r .  The l a t t e r  i n c r e a s e s  t h e  l o s s  due t o  f low 
through t h e  s c r e e n ,  The l o s s  due t o  t h e  r educ t ion  i n  flow area 
i n  t h e  annulus  w i l l  tend t o  remain cons t an t  a t  t h e  c r i t i c a l  pore ;  
however, s i n c e  t h e  mean l e n g t h  of t h e  f low p a t h  i n  t h e  annulus  i s  
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i n c r e a s i n g ,  t h e  f r i c t i o n  l o s s  w i l l  i n c r e a s e .  Eventual ly ,  f o r  
any t r a p  design t h e s e  l o s s e s  w i l l  exceed t h e  p r e s s u r e  r e t e n t i o n  
c a p a b i l i t y  of t h e  s c r e e n  t o  produce i n g e s t i o n  of gas .  
w a s  eva lua ted  wi th  r e s p e c t  t o  each of t hese  p r e s s u r e  l o s s e s  and 
t h e i r  a d d i t i v e  e f f e c t  under 1 g t o  determine how much of t h e  t r a p  
volume could be expe l l ed  as single-phase l i q u i d .  
Each t r a p  
1) Mission A, - A p l e a t e d - l i n e r  (150 p l e a t s  w i th  a depth 
of about 0 .3  i n . )  w a s  s e l e c t e d  s i n c e  i t  w i l l  provide a minimum 
expu l s ion  e f f i c i e n c y  of 99 .6%.  The expuls ion e f f i c i e n c y  i s  t h e  
pe rcen t  of t h e  p r o p e l l a n t  loaded t h a t  can be expe l l ed  as gas- 
f r e e  l i q u i d  from t h e  tank.  (The r e s i d u a l  p r o p e l l a n t  i s  t h a t  
w i t h i n  t h e  annulus . )  The flow area between p l e a t s  i s  r e l a t i v e l y  
l a r g e ,  s o  t h a t  p r e s s u r e  l o s s e s  due t o  t h e  r e d u c t i o n  i n  flow area 
and f r i c t i o n  w i l l  be  s m a l l  i n  comparison t o  t h e  l o s s e s  due t o  
head and flow through t h e  s c r e e n .  
By us ing  t h e  200 x 1400 Dutch t w i l l  s c r een ,  t he  maxi- 
mum r e t e n t i o n  c a p a b i l i t y  i s  provided. This  f i n e  sc reen ,  however, 
causes a cons ide rab le  p r e s s u r e  l o s s  as l i q u i d  flows through i t s  
complex weave (Ref I V - 2 ) .  F igu re  IV-9 p r e s e n t s  t h i s  p r e s s u r e  
l o s s  over  t he  flow v e l o c i t y  range of i n t e r e s t  f o r  OF2 and B2Hg.  
Since t h e  o v e r a l l  h e i g h t  of t h e  t r a p  (3.55 i n . )  i s  g r e a t e r  t han  
the  maximum h e i g h t  of OF2 (3.37 i n . )  t h e  s c r e e n  can suppor t ,  
complete expu l s ion  under 1 g using OF2 i s  n o t  p o s s i b l e .  The 
c r i t i c a l  pore w i l l  break down a f t e r  0.15 cu f t  of p r o p e l l a n t  ( o r  
about 50% of t h e  t r a p  volume) has  been expe l l ed .  This  corresponds 
t o  2 .0  i n .  of t h e  o v e r a l l  3.55-in. h e i g h t  of t h e  t r a p .  While t h e  
t r a p  f o r  fhe  B2Hg tank w i l l  n o t  be as s t r o n g l y  a f f e c t e d  by hydro- 
s t a t i c  head because of i t s  g r e a t e r  kinematic  s u r f a c e  t e n s i o n  
va lue ,  t h e  l o s s  due t o  flow through t h e  sc reen  i s  cons ide rab le .  
Only 3.3 i n .  of B2Hg can be expe l l ed  from t h e  t r a p  during t h e  
1-g t es t  e 
From t h e  above c o n s i d e r a t i o n  of t h e  p r e s s u r e  l o s s e s ,  
i t  w a s  e s t a b l i s h e d  t h a t  t h e r e  i s  a c r i t i c a l  po re  which w i l l  break 
down b e f o r e  any o t h e r  pore on t h e  annulus.  Therefore ,  as f a r  as 
t h e  annulus i s  concerned, t h e  1-g test  i s  a tes t  of t h e  s i z e  of 
t h e  c r i t i c a l  po re ,  o r  t o  be more g e n e r a l ,  t h e  s i z e  of t h e  pores  
nea r  t h e  tank o u t l e t .  When t h e  1-g test i s  considered i n  t h i s  
s ense ,  complete expuls ion i s  n o t  necessary.  P r e d i c t i o n  of t h e  
p o i n t  a t  which breakdown w i l l  occur would show t h a t  t h e  r e t e n t i o n  







Figure IV-9 Pressure Drop Due t o  Flow t h r o u g h  Screen, Mission A, 
2) Mission A7 - For t h i s  miss ion ,  The p l e a t e d  l i n e r  has  
150 p l e a t s  w i t h  a depth  of about 0.33 i n .  and a minimum expuls ion  
e f f i c i e n c y  of 99.6%. The f low area i s  such t h a t  t h e  p r e s s u r e  
l o s s e s  due t o  f r i c t i o n  and r educ t ion  i n  area are r e l a t i v e l y  s m a l l ,  
s i n c e  t h e  180 x 180 mesh t w i l l e d  weave t i t a n i u m  sc reen  i s  used 
f o r  t h e  annulus .  S ince  t h e  weave of t h i s  s c r e e n  provides  a n  open 
area t o  f l u i d  f low ( a s  mentioned, Dutch t w i l l  a f f o r d s  a to r tuous  
f low p a t h ) ,  t h e  f low l o s s  through t h e  screen over  t h e  flow v e l o c i t y  
range of  i n t e r e s t  (F ig .  IV-10) i s  w e l l  below t h e  bubble  p o i n t  
(Table IV-1). Th i s  leaves t h e  p r e s s u r e  d i f f e r e n c e  due t o  t h e  
h y d r o s t a t i c  head as t h e  major  cons ide ra t ion  i n  t h e  a n a l y s i s  of 
annulus  des ign .  
Complete expuls ion  of t h e  N 2 O 4  t ank  t r a p  dur ing  t h e  
l-g t e s t  i s  n o t  p o s s i b l e ,  however, because t h e  h e i g h t  of t h e  t r a p  
(3.7 i n . )  exceeds t h e  maximum h e i g h t  of N 2 O 4  (3.05 i n , )  t h a t  can 
be  supported by t h e  sc reen .  Three inches  of N 2 O 4  on ly  can b e  ex- 
p e l l e d  from t h e  t r a p ,  On t h e  o t h e r  hand, t h e  t r a p  i n  t h e  f u e l  
tank could be  completely expe l l ed  us ing  MMH dur ing  t h e  l-g test .  
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Flow V e l o c i t y  ( in . /sec)  
F igu re  I V - 1 0  Pressure Drop Due t o  F low 
through Screens Missions 
A2 and B 
Pore B 
Figure  IV-11 Worst-case Con f igu ra t i on  
3) Mission B - An An- 
nu lus  wi th  120 p l e a t s ,  approxi- 
mately 0.27-in. deep, w a s  se- 
l e c t e d .  The minimum expuls ion  
e f f i c i e n c y  is  9 9 . 2 % ,  which is  
lower i n  comparison t o  the  o t h e r  
des igns  (99.6%) because i t  is  
based on t h e  lower i n i t i a l  50% 
p r o p e l l a n t  l oad .  A 100 x 100 
mesh, t w i l l e d  t i t an ium sc reen  
i s  adequate .  The l o s s e s  due 
t o  r educ t ion  of f low area,  f r i c -  
t i o n ,  and f low through t h e  
sc reen  are a l l  s m a l l ,  aga in  
l eav ing  t h e  h y d r o s t a t i c  head as 
t h e  major cons ide ra t ion ,  Com- 
p l e t e  expuls ion  of t h e  t r a p  i s  
p o s s i b l e  under minus 1 g .  
b. Low g - Each of t h e  1-g 
test des igns  must be  analyzed 
f o r  t h e  miss ion  a c c e l e r a t i o n s  
t o  ensure  t h a t  t h e  device  w i l l  
f u n c t i o n  p rope r ly  i n  f l i g h t .  
From t h e  many p o s s i b l e  configu- 
r a t i o n s  of t h e  i n t e r f a c e  w i t h i n  
t h e  t r a p  and t h e  need f o r  many 
engine  s t a r t s ,  t h e  conf igu ra t ion  
which produces t h e  worst-case 
cond i t ion  (Fig.  I V - 1 1 )  w a s  se- 
l e c t e d  f o r  a n a l y s i s .  This  worst-  
case cond i t ion  i s  def ined  by 
t h e  fol lowing condi t ions :  
1) Immediately p r i o r  t o  
2) Amount of p r o p e l l a n t  
t h e  l a s t  engine burn ;  
i n  t h e  t r a p  i s  j u s t  
s u f f i c i e n t  t o  s t a r t  
t h e  engine  and se t t le  
t h e  p r o p e l l a n t ;  
3 )  P r o p e l l a n t  w i t h i n  t h e  t r a p  i s  i n i t i a l l y  o r i e n t e d  
away from t h e  o u t l e t ,  due t o  t h e  nega t ive -ax ia l  
a c c e l e r a t i o n  a c t i n g  on t h e  s p a c e c r a f t  up t o  t h i s  
p o i n t .  A conse rva t ive  assumption, t o  s impl i fy  
t h e  a n a l y s i s ,  i s  t h a t  t h e  i n t e r f a c e  i s  f l a t ,  
though i t  w i l l  a c t u a l l y  be  curved and most l i k e l y  
t h e  l i q u i d  w i l l  be  i n  t h e  sharp  co rne r  formed by 
t h e  cove rp la t e  and annulus;  
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4 )  The engine s t a r t s  and a p o s i t i v e ,  maximum a x i a l  
a c c e l e r a t i o n  (due t o  engine  t h r u s t )  i s  imposed 
on t h e  s p a c e c r a f t .  It  w a s  assumed t h a t  t h e  t h r u s t  
b u i l d s  t o  i t s  s t e a d y - s t a t e  v a l u e  in s t an taneous ly .  
This  worst-case cond i t ion  occurs  f o r  only an i n s t a n t .  The pres-  
s u r e  l o s s e s  w i l l  b e  less a t  o t h e r  t i m e s  when there i s  more pro- 
p e l l a n t  i n  t h e  t r a p ,  o r  when t h e  p r o p e l l a n t  h a s  s e t t l e d  over  t h e  
o u t l e t .  
Rather  than  a s i n g l e  pore  being t h e  c r i t i c a l  pore  as i t  
i s  under 1 g ,  t h e r e  are two p o i n t s  on t h e  annulus ,  e i t h e r  of which 
could be  t h e  c r i t i c a l  po re .  This  i s  p o s s i b l e  because the  f o u r  
annulus  p r e s s u r e  l o s s e s  are no t  maximum a t  t h e  same p o i n t .  This  
f a c t ,  by i t s e l f ,  w i l l  tend t o  make t h e  1-g tes t  more s t r i n g e n t  
than t h e  a c t u a l  f l i g h t .  The two p o s s i b l e  c r i t i c a l  po res  are 
shown i n  F igure  I V - 1 1  as pore  A and po re  B .  
Each of t h e  annulus  des igns  was analyzed based on t h e s e  
worst-case c r i t e r i a .  Even w i t h  these conse rva t ive  cond i t ions ,  
t h e  1-g des igns  provided a g r e a t e r  p r e s s u r e  r e t e n t i o n  c a p a b i l i t y  
than  r equ i r ed .  Mission A1 w a s  t h e  only miss ion  i n  which t h e  cal- 
c u l a t e d  p r e s s u r e  l o s s e s  and t h e  r e t e n t i o n  c a p a b i l i t y  of t h e  sc reen  
were on t h e  same o rde r  of magnitude. 
0.13 p s i  occurred a t  pore  B; t h e  r e t e n t i o n  c a p a b i l i t y  i s  0.18 p s i .  
This  r e s u l t e d  because t h e  p r e s s u r e  l o s s  due t o  f low through t h e  
sc reen ,  independent  of a c c e l e r a t i o n ,  i s  l a r g e  due t o  t h e  Dutch 
t w i l l  s c r een .  I n  Missions A2 and B ,  t h e  sc reen  r e t e n t i o n  pres-  
s u r e  and t h e  maximum p r e s s u r e  l o s s  i n  t h e  annulus  d i f f e r e d  by a t  
l eas t  two o r d e r s  of magnitude (p re s su re  drop of 0.007 p s i  a t  pore  
A compared t o  r e t e n t i o n  c a p a b i l i t y  of 0.16 p s i  f o r  Mission A2 
and p r e s s u r e  drop of 0.006 p s i  a t  pore  A compared t o  r e t e n t i o n  
c a p a b i l i t y  of 0 .2  p s i  f o r  Mission B ) .  
A maximum pres su re  drop of 
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3. C o v e r p l  a t e  
a. One g - The cove rp la t e  
must suppor t  and con ta in  t h e  
p r o p e l l a n t  i n  t h e  t r a p  under m i -  
nus l g .  The b a s i c  c r i t e r i a  which 
e s t a b l i s h e s  the s t a b i l i t y  of 
t h e  pores  of t h e  cove rp la t e  i s  
t h e  Bond number (Bo). For c i r -  
c u l a r  po res ,  t h e  Bo must be  less 
than  0.84 i f  t h e  pores  are t o  
remain s t a b l e  under an  acceler- 
a t i o n  v e c t o r  normal t o  forami- 
nous materials (Ref IV-3). I f  
t h e  cove rp la t e  i s  completely 
h o r i z o n t a l  ( g r a v i t y  perpendicu- 
l a r ) ,  t h i s  i s  t h e  only  des ign  
cons ide ra t ion .  However, some 
misalignment w i l l  be p re sen t  
e i t h e r  from t h e  i n s t a l l a t i o n  
of t h e  t r a p  o r  t h e  tes t  f i x -  
d u r i n g  1-g T e s t  h y d r o s t a t i c  head (due t o  t h e  
F i g u r e  IV-12 T a n k  M i s a l i g n m e n t  t u r e ,  and t h e  e f f e c t  of t h e  
l a t e ra l  a c c e l e r a t i o n  component) 
must be  considered.  Th i s  head 
is  shown by t h e  h e i g h t  (h ) ,  
caused by t h e  t i l t  ang le  ( e ) ,  as shown i n  F igu re  IV-12. When t h i s  
angle  of t i l t  i s  2 o r  3" ,  i t s  r e s u l t a n t  head becomes t h e  cont ro l -  
l i n g  des ign  c r i t e r i o n .  A s a f e t y  f a c t o r  of 2 w a s  used f o r  t he  
des ign  of  t h e  cove rp la t e  f o r  t h e  1-g ope ra t ion .  
During t h e  miss ion ,  t h e  cove rp la t e  must provide  a wet ted  
b a r r i e r  s o  t h a t  t h e  u l l a g e  p re s su re  can suppor t  t h e  l i q u i d  w i t h i n  
t h e  t r ap .  I f  t h e  cove rp la t e  has  i n t e r n a l  c a p i l l a r y  passages ,  l i q -  
u id  w i l l  tend t o  be  pumped i n t o  them t o  provide  and main ta in  a 
wet ted  cond i t ion  (Ref IV-3). There are a t  l eas t  two ways t o  pro- 
v i d e  t h e s e  d e s i r e d  c a p i l l a r y  passages.  Dutch t w i l l  weave can be  
used o r ,  dur ing  low-g cond i t ions ,  two p a r a l l e l ,  p e r f o r a t e d  p l a t e s  
may a l s o  be  used. The vo id  between t h e  p l a t e s  w i l l  tend t o  f i l l  
and remain f u l l  of l i q u i d .  
1) Mission A1 - Adequate r e t e n t i o n  and s t r u c t u r a l  s t r e n g t h  
were obta ined  by using t h e  200 x 1400 Dutch t w i l l  s c r een  and sup- 
p o r t i n g  i t  wi th  aluminum p e r f o r a t e d  p l a t e ,  The Bo f o r  t h i s  con- 
f i g u r a t i o n  i s  6 x dur ing  t h e  1-g t es t ,  and t h e  po res  w i l l  b e  
s t a b l e .  The r e t e n t i o n  provided by t h e  s c r e e n  i s  s u f f i c i e n t  t o  
a l low f o r  a t o t a l  cove rp la t e  misalignment of f i v e  degrees  dur ing  
t h e  1-g test .  Tolerances  on t h e  alignment of t h e  cove rp la t e  w i t h i n  
t h e  tank can be  c l o s e l y  c o n t r o l l e d .  By tak ing  some care i n  t h e  
i n s t a l l a t i o n  of t h e  tank  i n t o  t h e  t es t  f i x t u r e ,  a t o l e r a n c e  of 
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5" can be  e a s i l y  maintained.  
l i t t l e  r i g i d i t y ,  t h e  primary purpose of t h e  p e r f o r a t e d  p l a t e  i s  
s t r u c t u r a l  suppor t .  The p l a t e  h a s  0.5-in.  diameter  h o l e s ,  spaced 
so t h a t  t h e  openness (open-to- total  a r e a )  r a t i o  i s  less than  0 .2 .  
S ince  t h e  s c r e e n  m a t e r i a l  has  very  
2 )  Mission A:, - The 180 x 180 mesh t w i l l e d  weave sc reen  
provides  an adequate  pore  s i z e  f o r  t h e  1-g tes t  bu t  does n o t  guar- 
a n t e e  a wet ted cond i t ion  during t h e  miss ion ,  s i n c e  i t  does n o t  
have t h e  c a p i l l a r y  passageways ( a s  does Dutch t w i l l  s c r e e n ) .  I f  
double p e r f o r a t e d  p l a t e s  w e r e  considered i n s t e a d  of t h e  s c r e e n ,  
0.005-in. diameter  ho le s  are r equ i r ed .  Holes t h i s  s i z e  can be 
e t ched ,  bu t  t h e  p l a t e  must be no t h i c k e r  than  t h e  h o l e  diameter.  
S ince  t h e s e  p l a t e s  would need a d d i t i o n a l  suppor t  and spac ing  be- 
tween the  p l a t e s  would be d i f f i c u l t ,  t h i s  cove rp la t e  conf igu ra t ion  
w a s  n o t  considered a t t r a c t i v e .  
I t  i s  only  dur ing  t h e  miss ion  t h a t  i t  i s  necessary  t o  
keep t h e  cove rp la t e  wet ted .  For t h e  1-g tes t  t h e r e  w i l l  be  l i q -  
u id  i n  c o n t a c t  w i th  t h e  cove rp la t e .  I f  t h e  cove rp la t e  has  t h e  
r e t e n t i o n  c a p a b i l i t y  t o  hold  t h e  l i q u i d ,  i t  w i l l  remain wet ted ;  
t h e r e f o r e ,  t h e  cove rp la t e  w a s  designed t o  ensu re  we t t ing  dur ing  
low g .  Using t h i s  approach, a double-perforated p l a t e  configu- 
r a t i o n  w a s  s e l e c t e d .  The s i z e  of t h e  ho le s  i s  p r a c t i c a l  (0.5-in,  
d i a )  and spac ing  between t h e  p l a t e s  of 118 i n .  i s  e a s i l y  provided 
and main ta ined .  A s h e e t  of 180 x 180 mesh s c r e e n  i s  added t o  t h e  
cove rp la t e  so t h a t  t h e  1-g test can be accomplished. This  s c reen  
provides  a Bo of 4 x and w i l l  a l l ow a maximum misalignment 
of 3" during t h e  1-g t es t .  Alignment of t h e  tank  p r i o r  t o  t h e  
t e s t  i s  r equ i r ed  t o  m e e t  t h i s  requirement .  
3 )  Mission B - The same c o n f i g u r a t i o n  cove rp la t e  t h a t  was 
used f o r  Mission A, w a s  a l s o  used f o r  Mission B .  
0 .5- in .  diameter  h o l e s  and an 0 .2  openness r a t i o ,  and 100 x 100 
mesh sc reen  were used t o r  t h i s  case (Bo = 4 x The allow- 
a b l e  misalignment of t h e  cove rp la t e  f o r  t h e  1-g t e s t  i s  7".  
Pe r fo ra t ed  p l a t e ,  
b .  Low g - When f l i g h t  a c c e l e r a t i o n s  are cons idered ,  some 
a d d i t i o n a l  c r i t e r i a  must be  app l i ed  t o  t h e  cove rp la t e  des ign .  
L a t e r a l  a c c e l e r a t i o n s  and t h e  damping c a p a b i l i t y  of t h e  cove rp la t e  
must be  considered i n  a d d i t i o n  t o  t h e  s t a t i c  containment c r i t e r i a  
(d iscussed  e a r l i e r ) .  
The (I number can be  used t o  determine t h e  s t a b i l i t y  l i m i t s  
when t h e  a c c e l e r a t i o n  i s  p a r a l l e l  t o  t h e  cove rp la t e  (Ref I V - 3 ) .  
The p rev ious ly  e s t a b l i s h e d  maximum l a t e r a l  a c c e l e r a t i o n s  were 
used t o  determine t h e  r equ i r ed  po re  s i z e  us ing  t h e  number 
c r i t e r i a .  
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A t  engine shutdown, t h e  d i r e c t i o n  of t.,e a x i a l  acce le r -  
a t i o n  v e c t o r  changes from p o s i t i v e  t o  n e g a t i v e  (d rag ) ,  The motion 
of t h e  l i q u i d  i n s i d e  t h e  t r a p ,  due t o  t h e  shutdown maneuver and 
o t h e r  a c c e l e r a t i o n s ,  w a s  considered i n  o r d e r  t o  determine i f  t h e  
r e s u l t a n t  dynamic motion w i l l  a l low l i q u i d  t o  p a s s  through t h e  
c o v e r p l a t e ,  The Weber number (We) can be used t o  e s t a b l i s h  t h e  
damping c a p a b i l i t y  of t h e  c o v e r p l a t e  (Ref IV-3), Very good damp- 
i n g  c h a r a c t e r i s t i c s  are provided by t h e  c o v e r p l a t e  c o n f i g u r a t i o n s  
s e l e c t e d  e 
A l l  of t h e  c o v e r p l a t e s  are over-designed f o r  t h e  mission 
a c c e l e r a t i o n  environment, For Mission A I ,  1 ,5 - ine  diameter h o l e s  
i n  a s i n g l e  p e r f o r a t e d  p l a t e  would s a t i s f y  t h e  0 and We c r i t e r i a ,  
The ho le s  could be 3,3-in, diameter f o r  Mission A2 and 14.9- ine 
diameter f o r  Mission B. The 0,5-in,  diameter h o l e s  of t h e  p l a t e  
are  more than adequate  when each c r i t e r i o n  is app l i ed ,  providing 
a f a c t o r  of s a f e t y  on t h e  o r d e r  of 10. Considering only t h e  
a c t u a l  mission,  t h e  s c r e e n  on t h e  c o v e r p l a t e s  f o r  Mission A2 and 
B is n o t  r equ i r ed  and, as mentioned, f o r  Mission A1 i t  i s  needed 
only t o  provide we t t ing  of t h e  b a r r i e r .  
The c o v e r p l a t e  design determines,  t o  a g r e a t  e x t e n t ,  i f  
t h e  t r a p  can b e  r e f i l l e d  when t h e  s p a c e c r a f t  engine i s  f i r i n g .  
I f  t h e  pores  are s e l e c t e d  so  Chat t hey  wo,uld be u n s t a b l e  under 
t h e  a c c e l e r a t i o n  of t h e  engine,  gas  may b e  purged from t h e  t r a p  
p e r m i t t i n g  l i q u i d  t o  d i s p l a c e  t h e  g a s I  Since t h e  engine acce le r -  
a t i o n s  du r ing  t h e  mission are less than  1 g, t h e  t r a p s  cannot be 
r e f i l l e d ,  Use of t h e  s c r e e n  material  on t h e  c o v e r p l a t e  makes 
them s t a b l e  during boos t  when t h e  a c c e l e r a t i o n  can reach 3.8 g ,  
Therefore ,  any gas which e n t e r s  t h e  t r a p ,  o r  i s  generated w i t h i n  
t h e  t r a p  during t h e  mission,  w i l l  remain, 
A summary of t h e  p r o p e l l a n t  t r a p  design f o r  each mission 
i s  p resen ted  i n  Table IV-3, 
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Table IV-3 Propel lan t  Trap Design Summary 
'rap Volume ( f t 3 )  
'rap Height ( i n , )  
l a te r i  a1 
rnnul us 




Number of P l ea t s  
P l ea t  Depth 
A t  Coverplate ( i n . )  
A t  Outlet C u p  ( i n . )  





kerforated P1 a t e  
Thickness ( i n , )  
Hol e Diameter ( i n  ) 
Spacing between 
p l a t e s  ( i n . )  
Minimum Expulsion 
Eff ic iency (%) 
Mission A I ,  
0 340 
3,55 
A1 umi num 
61,3 







single p l a t e  









Ti t a n i  um 
69,7 







double p l a t e  







0 e 105 
2.30 
T i  t an i  um 
2 6 , l  







double p l a t e  
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C, FABRICATION AND ASSEMBLY 
The p r o p e l l a n t  t r a p  c o n s i s t s  of a cove rp la t e  assembly, a 
p l e a t e d  s c r e e n  l i n e r ,  and t h e  o u t l e t  cup, Each p a r t  i s  f a b r i -  
ca ted  and j o i n e d  t o g e t h e r  b e f o r e  t h e  e n t i r e  t r a p  is i n s t a l l e d  
i n t o  t h e  bottom of t h e  tank ,  The o u t l e t  cup and t h e  pe r fo ra t ed  
p l a t e s  of  t h e  c o v e r p l a t e  assemblies  are machined us ing  conven- 
t i o n a l  methods; t h e r e f o r e ,  t h e i r  f a b r i c a t i o n  is n o t  d i scussed ,  
The p l e a t e d  sc reen  l i n e r  i s  formed w i t h  a d i e ,  from a s i n g l e ,  
f l a t  s h e e t  of s c r e e n  material, To c o n s t r u c t  t h e  d i e ,  t h e  pro- 
f i l e  of t h e  p l e a t s  must f i r s t  b e  determined. By s e l e c t i n g  t h e  
p l e a t  dep th  a t  t h e  p o i n t  t h e  l i n e r  meets t h e  cove rp la t e ,  t h e  
number of p l e a t s ,  and t h e  bend r a d i u s ,  t h e  p l e a t  p r o f i l e  can b e  
determined e 
A r e t a n g u l a r  s h e e t  of s c r e e n  
may b e  used so  t h e  p l e a t  depth  
r = bend radius i n c r e a s e s  as t h e  o u t l e t  cup i s  
approached, t hus  keeping t h e  
circumference cons t an t ,  A t  t h e  
cove rp la t e ,  t h e  p r o f i l e  of t h e  
p l e a t s  looks  l i k e  t h a t  p re sen ted  
i n  F igu re  IV-13a. The p l e a t s  
cannot  b e  any c l o s e r  than  shown 
i n  F igu re  IV-l3b, Beyond t h i s  
p o i n t ,  t h e  p l e a t s  begin  t o  f o l d  
back upon themselves and t h e  
f low passage  is r e s t r i c t e d ,  
Th i s  l i m i t i n g  cond i t ion  is  usu- 
(a) At the Coverplatt 
' (b) At the Outlet Cup 
a l l y  reached a t  a p o i n t  w i t h i n  Figure  IV-13 P l e a t  C o n f i g u r a t i o n  of the tank outlet, makina 
t h e  inc luded  a n g l e  of t h e  out- 
l e t  cup 20" (wi th  r e s p e c t  t o  t h e  
c e n t e r  of t h e  t ank ,  
There i s  a t r adeof f  between t h e  s i z e  of t h e  o u t l e t  cup3 t h e  
bend r a d i u s ,  and t h e  number of p l e a t s ,  The f i n e n e s s  of t he  t e e t h  
on t h e  o u t l e t  cup i s  determined by t h e  above f a c t o r s ,  For t h e s e  
des igns ,  t h e  wid th  ( r o o t )  of a t o o t h  on t h e  o u t l e t  cup w a s  l i m i t e d  
t o  0 ,05 i n ,  and t h e  inc luded  a n g l e  of t h e  o u t l e t  cup is 20°,  The 
b e s t  conf igu ra t ion  w a s  ob ta ined  wi th  a bend r a d i u s  of 0,025 i n ,  
and 150 p l e a t s  f o r  t h e  A Missions,  and 120 p l e a t s  f o r  Mission B ,  
Another t r adeof f  c o n s i d e r a t i o n  i s  t h a t  between expuls ion  e f f i -  
c iency and p r e s s u r e  l o s s e s  ( c rea t ed  by t h e  f low of t h e  p r o p e l l a n t  
i n  t h e  annulus) ,  
t r adeof f  is used t o  f i n d  t h e  a p p r o p r i a t e  p l e a t  dep th ,  
The expuls ion  e f f i c i e n c y  and t h e  p r e s s u r e  l o s s  
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From c a l c u l a t i o n s  of t h e  shape of t h e  p l e a t ,  a d i e  wi th  t h r e e  
(or  f o u r )  consecu t ive  p l e a t s  is manufactured, By advancing t h e  
sc reen  material, one p l e a t  a t  a t i m e  i n  t h e  d i e ,  t h e  p l e a t e d  l i n e r  
i s  formed. A p r e s s  wi th  such a d i e  i n s t a l l e d  i s  shown i n  F igu re  
IV-14. Before t h e  s c r e e n  material  can b e  p l e a t e d ,  i t  must b e  
conditioned* t o  improve f o r m a b i l i t y  of t h e  sc reen .  Any d i sp lace -  
ment of t h e  w i r e s  r e l a t i v e  t o  one ano the r ,  tending t o  i n c r e a s e  
t h e  po re  s i z e ,  i s  e l imina ted  by t h i s  process .  
I n  a d d i t i o n  t o  t h e  cond i t ion ing  process  of t h e  sc reen  material ,  
t h e  u l t i m a t e  pe rcen t  e longa t ion  of t h e  metal  must b e  considered,  
Pure aluminum has a 35% e longa t ion  and t i t an ium has 20%, n e i t h e r  
of which is  v e r y  d u c t i l e  i n  comparison t o  s t a i n l e s s  s t ee l ,  which 
has  55%. I n  t h e  design of t he  p l e a t e d  l i n e r ,  t h e  bend r a d i u s  con- 
t r o l s  t he  amount of e longa t ion .  By comparing t h e  bend r a d i u s  t o  
t h e  th i ckness  of t h e  material ,  t h e  r e l a t i v e  e longa t ion  induced 
can b e  e s t a b l i s h e d .  The aluminum s c r e e n  is  0,006 i n .  t h i c k  and 
t h e  t i t an ium s c r e e n  is  0,004 i n .  t h i c k ,  A bend r a d i u s  of 0,025 i n .  
w a s  used f o r  a l l  t h e  des igns ,  which i s  f o u r  t i m e s  t h e  aluminum 
th i ckness  and about s i x  t i m e s  t h a t  of t h e  t i t an ium.  This is  n o t  
an  overly-sharp bend and adequate  e longa t ion  i s  a v a i l a b l e ,  
2. Jo in ing  Methods 
Three d i f f e r e n t  types of j o i n t s  are r e q u i r e d  f o r  t h e  f a b r i -  
c a t i o n  and are i d e n t i f i e d  as fol lows:  , 
1) Screen-to-screen - J o i n i n g  of t h e  ends of t h e  s c r e e n  
2) Screen-to-plate - J o i n i n g  of t h e  s c r e e n  t o  t h e  o u t l e t  
3) P l a t e - to -p la t e  - J o i n i n g  of t h e  c o v e r p l a t e  assembly 
s e c t i o n  t o  form t h e  l i n e r ;  
cup and t h e  cove rp la t e ;  
t o  t h e  t ank  w a l l ,  
The p l a t e - to -p la t e  j o i n t s  are convent ional ,  b u t  j o i n t s  in- 
vo lv ing  s c r e e n  material p r e s e n t  c e r t a i n  c o n s i d e r a t i o n s ,  
i n a n t  t r a p  areas must b e  minimized and t h e  s c r e e n ' s  i n t e g r i t y  
should no t  b e  destroyed due t o  excess ive  h e a t  (or  f o r c e )  during 
j o i n i n g ,  Welding and b raz ing  w e r e  considered f o r  each j o i n t ,  
Mechanical a t tachment  w a s  n o t  considered because of t h e  i n h e r e n t  
contaminant t r a p  areas and t h e  r e l a t i v e l y  poor r i g i d i t y  of t h e  
Contam- 
* 
The ac tua l  process  i s  consfdered p r o p r i e t a r y  t o  Martin Mari- 
e t t a  Corporat ion,  Denver, Colorado, 












j o i n t s .  Explosive bonding w a s  a l s o  n o t  considered because of t h e  
d e l i c a t e  s c r e e n  materials t o  b e  jo ined  and t h e  much s impler  methods 
a v a i l a b l e  (Ref IV-4)  
- Res i s t ance  welding is  s u i t a b l e  f o r  
j o i n i n g  two s e c t i o n s  of s c r e e n o  The narrow weld j o i n t  produced 
is  e a s i l y  c leaned,  S t a i n l e s s  steel  s c r e e n  h a s  been r e s i s t a n c e  
welded and cleaned and used wi th  f l o u r i n e  (Ref IV-5). 
Both t h e  aluminum and t i t an ium s c r e e n  can be r e s i s t a n c e  
welded. 
used t o  r e s i s t a n c e  weld pleated-screen l i n e r s ,  
Figure IV-15 shows a f i x t u r e  t h a t  has  been s u c c e s s f u l l y  
Figure IV-15 Resistance We1 ding Fixture 
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E lec t ron  beam welding (EBW) i s  a l s o  a cand ida te  method f o r  
making screen-to-screen j o i n t s ,  However, a d d i t i o n a l  experience 
i n  making and c l ean ing  t h i s  t ype  j o i n t  must b e  obtained b e f o r e  
i t  can b e  recommended over r e s i s t a n c e  welding, 
b o  Screen-to-Plate 
1 )  Brazing - The j o i n t s  r equ i r ed  between t h e  sc reen  and 
p l a t e  are complex, making brazing a simple method f o r  accomplish- 
i n g  t h e  j o i n t .  There are, however, c o n s i d e r a t i o n s  p e c u l i a r  t o  
aluminum and t i t an ium.  Because of an apparent  l a c k  of compati- 
b i l i t y  between t h e  b r a z e  a l l o y s  and t h e  f luorine-based p r o p e l l a n t s ,  
b raz ing  w a s  n o t  s e l e c t e d  f o r  aluminum, 
aluminum braz ing  have a high s i l i c o n  con ten t ,  Alloy 718, f o r  
example, con ta ins  13% s i l i c o n .  I n  a d d i t i o n ,  f o r  most of t h e s e  
brazes  a p r a c t i c a l l y  pu re  s i l i c o n  f l u x  i s  used (Ref IV-6), I f  
s i l i c o n  i s  p r e s e n t  i n  a material i n  a q u a n t i t y  g r e a t e r  than 1%, 
f l u o r i n e  o r  OF2 w i l l  react w i t h  t h e  s i l i c o n  t o  form SiF4 (Ref 
IV-7  and I V - 8 ) .  I n s t e a d  of adhering as a p r o t e c t i v e  f i l m ,  t h e  
SiF4 w i l l  vapor i ze  (SiF4 melts a t  321°R, and b o i l s  a t  375"R - 
Ref IV-8). 
t h e  S i F 4  w i l l  n o t  l i q u i f y ,  b u t  during gaseous f l u o r i n e  p a s s i v a t i o n  
a t  ambient temperatures ,  any brazed aluminum j o i n t s  w i l l  be  a t t a c k e d  
and weakened by t h e  p a s s i v a t i o n ,  Also, even a t  250°R, t h e  integ-  
r i t y  and p r o t e c t i v e  n a t u r e  of t h e  s o l i d  SiF4 f i l m  is  ques t ionab le  
(Ref IV-8) e 
A l l  b r a z e  a l l o y s  used f o r  
A t  t h e  l i q u i d  OF2 temperature  of approximately 250"R, 
Only two techniques f o r  b raz ing  t i t an ium are appa ren t ly  
a v a i l a b l e ,  One uses  a 48Zr-4Be b r a z e  a l l o y ;  t h e  o t h e r  uses  3003 
aluminum, The 48Zr-4Be9 as f a r  as b r a z e  i n t e g r i t y  i s  concerned, 
appears  e x c e l l e n t .  Also,  s l i g h t  ox ide  coa t ings  can b e  t o l e r a t e d  
with t h i s  technique (Ref IV-9). However, upon examination of t h e  
a v a i l a b l e  p r o p e l l a n t  c o m p a t i b i l i t y  information of b r a z e  a l l o y s  
and zirconium a l l o y s ,  t h e r e  i s  some ques t ion  as t o  whether t h i s  
b raze  a l l o y  i s  compatible w i t h  t h e  p r o p e l l a n t s ,  
Zirconium has been r a t e d  as a Class 1 material f o r  
u se  w i t h  hydrazine (Ref IV-lo), and due t o  i t s  atomic s t r u c t u r e  
i t  would t h e o r e t i c a l l y  n o t  b e  a c a t a l y t i c  decomposer of hydrazine 
p r o p e l l a n t s  (Ref IV-11) @ No c o m p a t i b i l i t y  d a t a  e x i s t  f o r  zirconium 
w i t h  n i t r a t e d  hydrazine,  known t o  b e  c o r r o s i v e  w i t h  metals (Ref 
IV-12) Zirconium is  r a t e d  incompatible  w i t h  N2O4 (Ref IV-10) 
even though t h e r e  i s  no apparent  r eason  why zirconium should b e  
s u b j e c t  t o  NzO4 co r ros ion  ( s i n c e  it and t i t an ium have similar prop- 
e r t i e s ) ,  However, a zirconium a l l o y  con ta in ing  5% t i t an ium has 
been s e v e r e l y  corroded i n  o rd ina ry  h igh  temperature  water (Ref 
IV-13)@ Another problem a s s o c i a t e d  wi th  t h e  u s e  of t h i s  b r a z e  
a l l o y  is  beryl l ium poisoning. While t h e  be ry l l l um i s  very t o x i c ,  
t h e  hazard can be e l imina ted  i f  used under t h e  proper c o n d i t i o n s ,  
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The 3003 aluminum does no t  appear t o  p r e s e n t  as many 
problems as t h e  48Zr--4Be braze.  Aluminum, l i k e  t i t an ium,  is highly 
compatible  w i t h  f3 lH ,  n i t r a t e d  hydrazine,  and N 2 0 4 ;  t he re fo re ,  t h e r e  
should no t  b e  any compa t ib i l i t y  problems w i t h  t h i s  b raze  a l l o y .  
Based upon p re l imina ry  d a t a ,  t h e  i i i t eg r i cy  of 3003 aluminun brazed 
t i t an ium j o i n t s  seems e x c e l l e n t ,  A l s o ,  any t i t an ium a l l o y  can b e  
brazed  t o  any o t h e r  t i t an ium a l l o y  wi thout  lowering t h e  q u a l i t y  of  
;he bsaze  j o i n t ,  Eowever, a completely c l e a n  s u r f a c e  i s  r equ i r ed  
f o r  t h i s  procedure (Ref IV-14). 
Wicking of t h e  s c r e e n  material may cause problems GUT- 
ing  brazing,  Molten m e t a l  can be  drawn i n t o  t h e  s c r e e n  s e a l i n g  t h e  
openifigs e By apply ing  a "stop-of f "  material (such as Cot ronics  
Typs A) t o  t h e  s c r e e n  b e f o r e  b raz ing ,  t h e  wicking can be  s topped.  
This  t ype  of s top-off  i s  water s o l u b l e  and can be  removed w i t h  a 
water r.insE:, 
2 )  Welding -- Res i s t ance  welding can b e  used f o r  j o i n i n g  
screen-- to-plate ,  b u t  t h e  j o i n t  is d i f f  i z u l t  t o  c l ean .  Res i s t ance  
wr-luing of scrzen--Eo-screen i s  s a t i s f a c t o r y  because w t r e  t o  w i r e  
j o i n t s  a r c  d e s i r e d ,  Vhen t h e  scxeen is  j o i n e d  KO p l a t e ,  t h e  j o i n t  
should f i l l  w i th  molten metal. 
Fusion welding i s  a means of provid ing  s u f f i c i e n t  
molten metal t o  f i l l  t h e  area of t h e  j o i n t ,  b u t  t h e  a p p l i c a t i o n  of 
h e a t  must b e  c a r e f u l l y  c o n t r o l l e d ,  Consider ing t h e  re la t ive  s i z e  
of t h e  wire compared t o  t5e p l a t e  t h i ckness ,  t h e  s c r e e n  w i r e  can 
b e  mel ted awa~7 b e f o r e  t h e  p l a t e  weld areas a re  so f t ened  s u f f i c i e n t l y  
t o  accoap l i sh  a complete weld,  Also,  because of t h e  f i n e  n a t u r e  
of t h e  sc reen ,  r e l a t i v e l y  l a r g e  areas of s c r e e n  near  t h e  weld 
joi:it may b e  d i s t o r t e d  due t o  h e a t  dur ing  welding,  
EBW i s  p r e f e r r e d  compared t o  t h e  r e s i s t a n c e  and f u s i o n  
welding,  s i x e  t h e  amount of h e a t  appl ied  t o  rhe  j o i n t  may be  care- 
f u l l y  c o n t r o l l e d  s o  t h a t  mel t ing  c.f t he  s c r e e n  occurs  only i n  t h e  
jo i r ' t  area, The welding machine i s  a l s o  capable  of fo l l cwing  t h e  
complex j o i n t  
To surmarize,  t h 2  p r e f e r r e d  way  t o  accomplish t h e  alu-  
minum screen-to-plate  j o i n c  i s  by EBW, 
be  used f o r  t h e  t f t an ium screen- to-p la te  j o i n t ,  a l though b raz ing  
is p r e f e r r e d  because of t h e  j o i n t  complexity,  
E i t h e r  b raz ing  o r  EBW can 
b ,  P la te - to-Pla te  - A d e p a t e  material i s  a v a i l a b l e  a t  t h e  
j o i n t s  5 3  t h a t  they call b e  fusion-welded, The j o i n t  w i l l  be  f i l S e d  
and no contaminant ?rap a r e a s  formed, Zrazing of r-he t i t a n i m  
pla1.e-to-plate j o i n t  i s  n o t  d e s i r a b l e  because t h e  t e n s i l e  s t r e n g t h  
of t h e  tank  w i l l  5e reduced zit t h e  b r a z e  temperature  of 1200"F, 
Table IV-4 i s  a summary of t h e  recoinmended j o i n i n g  methods 
f o r  pach of the d i f f z r e n t  types of j o i n t s  of  t h e  t r a p ,  
IV-28 
Table IV-4 Joining Methods f o r  1-g Testable Device 
Type o f  Jo in t  
Screen- to-P1 a t e  Electron Beam Weld Braze (3003 A1 umi num) 
3 .  Assembly 
a. Coverplate - Each of t h e  cove rp la t e  assemblies  f o r  t h e  
t r a p s  u s e s  a p e r f o r a t e d  p l a t e  as i t s  base.  This  p l a t e  i s  a ma- 
chined p a r t  and provides  f o r  t h e  attachment of t h e  l i n e r  t o  t h e  
cove rp la t e  and t h e  attachment of t h e  t r a p  t o  t h e  tank w a l l .  The 
cen te r  p o r t i o n  of t h e  p l a t e  has  a p a t t e r n  of 0.5-in. diameter 
h o l e s ,  t o  provide an openness r a t i o  of 0.2.  
For Mission A l ,  t he  cove rp la t e  assembly c o n s i s t s  of t h e  
EBW i s  used p e r f o r a t e d  p l a t e  and a d i s k  of Dutch t w i l l  s c r een .  
t o  a t t a c h  t h e  s c r e e n  t o  t h e  .top of t h e  p e r f o r a t e d  p l a t e .  
For Missions A2 and B,  two p e r f o r a t e d  p l a t e s  and a d i s k  
of s c r e e n  make up t h e  cove rp la t e  assembly. The bottom p e r f o r a t e d  
p l a t e  has  attachment p o i n t s  and t h e  upper has a 1/8- in .  t h i c k  
r i d g e  t o  provide f o r  t h e  proper  spacing between p l a t e s .  The two 
p l a t e s ,  w i th  t h e  s c r e e n  on top ,  are j o i n e d  around t h e  pe r iphe ry  
by brazing.  A bubble p o i n t  test of t h e  c o v e r p l a t e  should be per- 
formed a f t e r  assembly t o  ensu re  s c r e e n  i n t e g r i t y .  
b. Pleated-Screen-Liner - A f t e r  t h e  l i n e r  i s  formed, t h e  
ends are j o i n e d  by r e s i s t a n c e  welding. The l i n e r  i s  machined t o  
t h e  prope; s i z e  by an  e l e c t r i c a l  d i scha rge  m i l l i n g  machine (Fig.  
IV-16). It i s  jo ined  f i r s t  t o  t h e  o u t l e t  cup and then t o  t h e  
c o v e r p l a t e  assembly, 
The e n t i r e  t r a p  can be bubble checked. A f i x t u r e  f o r  t h e  
o u t l e t  cup is r e q u i r e d  so t h e  i n s i d e  of t h e  t r a p  can be p re s su r i zed .  
By submerging t h e  e n t i r e  t r a p  i n  t h e  test f l u i d ,  both t h e  cover- 
p l a t e  and t h e  l i n e r  are checked. A f t e r  t h e  t r a p  i s  i n s t a l l e d  i n  
t h e  tank,  t h e  tests w i l l  b e  similar t o  t h e  1-g tests, f o r  which 
t h e  t r a p  was designed 
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Figure IV-16 Electrical Discharge Milling Machine 
4. Cleaninq and Passivation 
The fo l lowing  procedures ,  t o  guarantee  t h a t  t h e  t r a p  and t h e  
t ank  are  c l e a n  p r i o r  t o  p r o p e l l a n t  loading ,  should be  fol lowed 
f o r  a l l  t h r e e  miss ions ,  Each t r a p  component, except  f o r  t h e  s c r e e n  
mater ia l ,  is degreased and then  a c i d  cleaned p r i o r  t o  assembly (Ref 
I V - 1 2 ,  I V - 1 5 ,  and I V - 1 6 ) ,  Degreasing c o n s i s t s  of a vapor  degrease  
o r  a n  ace tone  immersion, fol lowed by a i r  dry ing ,  The composition 
of t h e  acid-cleaning s o l u t i o n  and t h e  s p e c i f i c  procedure depends 
on t h e  metal involved and t h e  p r o p e l l a n t  t o  which i t  is t o  b e  
expos ed  
IV-3 0 MC R- 7 0- 1 7 1 
For t i tanium/hydraxine systems, t h e  p a r t  should be immersed 
i n  a room temperature s o l u t i o n  of HN03 ,  HF, and water f o r  approxi- 
mately one minute. This  is followed by a thorough, d i s t i l l e d  
water r i n s e  and d ry ing  by e i t h e r  an o i l - f r e e ,  moisture-free n i t r o -  
gen gas  purge,  o r  a vacuum oven bake a t  120°F f o r  a per iod of f i v e  
minutes (Ref IV-12). The s a m e  c l ean ing  procedure i s  recommended 
f o r  c l ean ing  t i tanium/N20~+ systems (Ref IV-15). Aluminum/B2Hg sys- 
t e m s  and aluminum/OF2 systems can be cleaned by immersion i n  a room 
temperature HNO3 + H 2 0  ac id  s o l u t i o n  f o r  a minimum of one hour 
(Ref IV-16). 
t i tanium/hydrazine systems. 
The r i n s e  and d ry  are t h e  s a m e  as recommended f o r  
A f t e r  c l ean ing ,  o t h e r  t reatment  processes  may be needed de- 
pending upon the  s p e c i f i c  j o i n i n g  ope ra t ions  t o  follow. When t h e  
process  is  complete, t h e  cleaned p a r t s  must be s t o r e d  under con- 
t r o l l e d  cond i t ions .  
Screen material  cannot be cleaned by t h e  above processes  be- 
cause t h e  amount of m e t a l  t h a t  would be removed by t h e  ac id  
s o l u t i o n  would i n c r e a s e  t h e  s i z e  of t h e  pores .  Therefore ,  a 
vacuum anneal ing p rocess  i s  used t o  c l ean  t h e  sc reens .  This  
i s  performed a f t e r  assembly of t h e  t r a p  and completion of t h e  
bubble p o i n t  tests. A vacuum anneal ing of t h e  sc reens ,  sub- 
sequent t o  each previous bubble p o i n t  test ,  i s  a l s o  suggested.  
A l l  contaminants and r e s i d u a l  a l c o h o l  would be removed. Stain-  
less steel  s c r e e n s  have been cleaned f o r  f l u o r i n e  s e r v i c e  u s i n g  
t h i s  method (Ref IV-5). 
Jo in ing  t h e  t r a p  t o  t h e  lower-half of t he  tank,  and j o i n i n g  
t h e  t ank  ha lves  should b e  done under c l e a n  room cond i t ions  and i n  
a n  i n e r t  atmosphere. A nonacid chemical c l ean ing  procedure i s  
then used t o  c l e a n  the assembled t ank  (Ref IV-8, I V - 1 7 ,  and IV-18), 
Vacuum annea l ing  of t h e  t ank  is n o t  recommended because of t h e  
r e d u c t i o n  i n  s t r e n g t h .  When t h e  nonacid chemical c l ean ing  i s  com- 
p l e t e ,  t h e  tanks should b e  r i n s e d  w i t h  d i s t i l l e d  water and d r i e d  
w i t h  a h o t  (150'F) helium gas purge,  A chemical a n a l y s i s  of t h e  
r i n s e  w a t e r  i s  used t o  determine if a l l  t h e  c l ean ing  s o l u t i o n  h a s  
been removed, From t h i s  p o i n t  on, t h e  tanks should be maintained 
under a 3- t o  5-psig b l a n k e t  p r e s s u r e  wi th  helium t o  prevent  t h e  
e n t r y  of any contamination, 
The OF2 o x i d i z e r  tank, Mission A I #  must be pas s iva t ed .  Gaseous 
f l u o r i n e  i s  used f o r  t h e  p a s s i v a t i o n ,  r a t h e r  t han  gaseous OF2, 
s i n c e  f l u o r i n e  i s  t h e  most e f f e c t i v e  agent  f o r  p a s s i v a t i o n  of 
metals (Ref IV-18), P a s s i v a t i o n  w i t h  f l u o r i n e  gas  appears  t o  
produce a more r e s i s t a n t  and tenacious p r o t e c t i v e  f i l m ,  
t o  be used f o r  system p a s s i v a t i o n  are  presented i n  Ref IV-19. 




To b e t t e r  e v a l u a t e  forming and j o i n i n g  methods, as app l i ed  t o  
sc reen  materials, a tes t  program w a s  accomplished, The methods 
were eva lua ted  by u s i n g  s m a l l  samples of e i t h e r  t h e  a c t u a l  o r  
r e p r e s e n t a t i v e  materials of t h e  p r o p e l l a n t  t r a p .  
a ,  Aluminum - The a c t u a l  aluminum Dutch t w i l l  s c r een  proposed 
f o r  Mission A1 was used i n  t h e  test program (Ref IV-21). 
f i r s t  s t e p  w a s  t o  determine t h e  "as received" p r o p e r t i e s  of t h e  
sc reen  material, Bubble p o i n t  tests were accomplished t o  de t e r -  
mine t h e  pore s i z e ,  The measured p r e s s u r e  r e t e n t i o n  corresponded 
t o  an a b s o l u t e  r a t i n g  of 16  microns ( K r e s s i l k  Products  quoted an 
a b s o l u t e  r a t i n g  of 15 microns),  
The 
Some screen w a s  c u t  i n t o  1 i n ,  by 4 i n ,  s t r i p s  f o r  t e n s i l e  
tests. Three o r i e n t a t i o n s  were considered: warp w i r e s  i n  t h e  
l o n g i t u d i n a l  d i r e c t i o n ;  s h u t e  wires i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ;  
and a diagonal  o r i e n t a t i o n  of t h e  weave. When t h e  load is  app l i ed  
t o  t h e  l a r g e r  number of s h u t e  w i r e s ,  t h e  s c r e e n  has i t s  g r e a t e s t  
s t r e n g t h  as shown i n  Table IV-5  and F igu re  I V - 1 7 ,  The va lues  
l i s t e d  i n  t h e  t a b l e  are t h e  amount of f o r c e  r equ i r ed  t o  b reak  the  
l - i n .  wide s t r i p s  of s c reen  material, 
Table IV-5 Ultimate Strength o f  As Received Screen 
Direction 




Transverse (shute longitudinal 1 
Transverse (s hute 1 ongi t u d i  nal ) 
















F igu re  IV-17 T e n s i l e  Tes t  Specimens 
Approximately 4-in. squa re  s e c t i o n s  of s c reen  were p l ea t ed  
us ing  a d i e .  Seven p l e a t s  w i t h  a depth of 1 / 4  i n . ,  a p i t c h  of 
1 / 2  i n . ,  and a bend r a d i u s  of 1/16 i n .  w e r e  formed. I n  t h e  as 
rece ived  cond i t ion ,  the material does n o t  retain t h e  shape of the 
p l e a t .  A s  can be  seen  from Figure  I V - 1 8 ,  a wrinkled and r a t h e r  
f l i m s y  l i n e r  s e c t i o n  was formed, 
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Figure IV-18 Pleated Aluminum Screen 
Af te r  performing Martin Marietta's cond i t ion ing  p r o c e s s s  
the  p r o p e r t i e s  of t h e  s c r e e n  were aga in  measured. 
micron r a t i n g  remained t h e  same (16 microns).  A 70% r e d u c t i o n  i n  
the  u l t i m a t e  s t r e n g t h  occurred (Table IV-6), b u t  t h e  t ens i le  
s t r e n g t h  of t h e  s c r e e n  i s  of secondary concern t o  t h e  design.  
S ince  the  l i n e r  c o n t a c t s  t h e  tank w a l l  and i s  r i g i d l y  a t t ached  a t  
both endsg i t  does n o t  experience any apprec iab le  loads ,  A 
s t r i k i n g  improvement i n  t h e  f o r m a b i l i t y  of t h e  s c r e e n  i s  achieved 
by t h e  cond i t ion ing  process .  The s c r e e n  d u p l i c a t e s  t h e  shape and 
contour of t h e  d i e  e x a c t l y ,  as seen  i n  F igu re  I V - 1 8 .  The b e s t  
r i g i d i t y  i s  ob ta ined  wi th  t h e  p l e a t s  p a r a l l e l  t o  t h e  warp w i r e s .  
The a b s o l u t e  
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Table IV-6 U1 t i m a t e  S t reng th  o f  Cond i t ioned Screen 
Sample 
Number 
D i r e c t i o n  
o f  Weave 
L o n g i t u d i n a l  
Longi t u d i  n a l  







U1 t i m a t e  










Res i s t ance  welding of screen-to-screen w a s  s u c c e s s f u l .  
A s t r o n g ,  narrow weld j o i n t  w a s  produced, as seen  i n  Figure IV-19. 
The s t r e n g t h  of t h e  weld j o i n t  w a s  t e s t e d  and found t o  be about 
40% of t h e  s t r e n g t h  of t h e  material (Table I V - 7 ) .  
t h e  j o i n t  occurred a t  t h e  p o i n t  t h e  material m e t  t h e  weld area. 
F r a c t u r e  of 
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Figure IV-19 Resi stance We1 ded A1 umi num Screen 
Screen-to-plate r e s i s t a n c e  welding w a s  n o t  s u c c e s s f u l .  
A h igh  c u r r e n t  i s  r equ i r ed  when aluminum i s  welded because of i t s  
r e l a t i v e l y  low r e s i s t a n c e .  Problems a r o s e  because t h e  conductiv- 
i t y  of t h e  p l a t e  w a s  g r e a t e r  t han  t h e  c o n d u c t i v i t y  of t h e  sc reen .  
With t h e  h igh  c u r r e n t ,  t h e  p r e s s u r e  a p p l i e d  t o  t h e  sc reen  and t h e  
p l a t e  by t h e  e l e c t r o d e  must be c a r e f u l l y  c o n t r o l l e d  o r  burning of 
t h e  sc reen  w i l l  occur .  It w a s  concluded t h a t  i f  h ighe r  p r e s s u r e s  
and c u r r e n t  were used,  t h e  j o i n t  could b e  made; however, t h i s  does 
n o t  appear t o  be a r e l i a b l e  means of j o i n i n g  screen-to-plate .  
Fusion welding ( tungs t en - ine r t  gas ,  TIG) of t h e  screen- 
to-screen j o i n t  w a s  found unacceptable ,  because t h e  h e a t  r equ i r ed  
t o  m e l t  t h e  metal cannot be app l i ed  t o  a s m a l l  enough area. Heat 
i s  r a p i d l y  conducted by t h e  f i n e  w i r e s ,  causing t h e  sc reen  t o  m e l t ,  
and s e p a r a t e  from t h e  j o i n t .  A f u s i o n  welded screen-to-plate  j o i n t  
w a s  made, b u t  w a s  of poor q u a l i t y  (Fig.  IV-20). Again t h e  s c r e e n  
w a s  t o o  e a s i l y  melted and a continuous bead could n o t  be maintained,  
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Figure IV-20 Fusion Welded Screen-to-Plate J o i n t  
b.  Titanium - Titanium sc reen  i s  used t o  c o n s t r u c t  t h e  t r a p s  
f o r  Missions A2 and B. Only a s m a l l  p i e c e  of t h e  a c t u a l  mesh s i z e  
and material ,  which would be used i n  t h e  Mission A2 t r a p ,  could 
be obtained,  because the  vendors do n o t  normally s t o c k  such sc reen .  
A c o a r s e r  t i t an ium s c r e e n  i s  e a s i l y  procured and w a s  used t o  sup- 
plement t e s t i n g .  The a c t u a l  s c reen  i s  180 x 180 mesh t w i l l e d  
weave w i t h  0.0021-in. diameter w i r e .  The c o a r s e r  s c reen  i s  10 x 58 
mesh wi th  0.019-in. diameter w i r e .  Most of t h e  f a b r i c a t i o n  and 
j o i n i n g  methods of i n t e r e s t  were attempted. Bubble p o i n t  tests 
and t e n s i l e  tests were n o t  considered,  because of a l ack  of mate- 
r i a l  ( i n  one case )  and too  coa r se  a material ( i n  the o t h e r ) .  A 
q u a l i t a t i v e  e v a l u a t i o n  of t h e  techniques w a s  p o s s i b l e .  
Res i s t ance  welding of both screen-to-screen and screen-to- 
p l a t e  w a s  s u c c e s s f u l  u s ing  t h e  coa r se  sc reen .  To o b t a i n  a sa t i s -  
f a c t o r y  j o i n t ,  a high c u r r e n t  and h igh  e l e c t r o d e  p r e s s u r e  were 
r equ i r ed .  A 2 i n .  mandrel w a s  used s o  t h a t  wires were n o t  broken 
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by t h e  p r e s s u r e .  A s  a r e s u l t ,  a r a t h e r  wide j o i n t  w a s  produced. 
With t h e  f i n e / s c r e e n ,  p r e s s u r e  and c u r r e n t  could be reduced t o  
produce a narrow screen-to-screen j o i n t .  
Fusion welding (TIG)  of screen-to-screen and screen-to- 
p l a t e  w a s  accomplished us ing  t h e  coarse  s c r e e n  b u t  a poor j o i n t  
w a s  produced. The openness of t h e  mesh causes problems w i t h  t h e  
c o a r s e  t i t an ium sc reen .  A s  t h e  weld p rogres ses ,  v a r i a t i o n s  r e s u l t  
i n  t h e  amount of material a v a i l a b l e  t o  form t h e  weld. It i s  ex- 
pected t h a t  even t h e  r e l a t i v e l y  f i n e  180 x 180 mesh sc reen  w i l l  
p r e s e n t  t h i s  type of problem, though t o  a lesser (and p o s s i b l y  
accep tab le )  degree.  
While t h e  coarse  t i t an ium sc reen  could n o t  be p l e a t e d ,  i t  
w a s  formed i n  o rde r  t o  determine t h e  e f f e c t  of t h e  bend r a d i u s .  
A 130" bend wi th  a r a d i u s  1 .5  t i m e s  t h e  th i ckness  (0.058 i n . )  was 
obtained without  breaking w i r e .  This  i s  a much sha rpe r  bend than 
s i x  t i m e s  t h e  th i ckness ,  as proposed i n  the  designs.  
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D. OPERATIONAL DISCUSSION 
1. Prelaunch 
a .  One-g T e s t  - The 1-g tes t  i s  accomplished by i n v e r t i n g  t h e  
p r o p e l l a n t  tank and i t s  s u r f a c e  t e n s i o n  dev ice  such t h a t  t h e  tank 
o u t l e t  is  o r i e n t e d  v e r t i c a l l y  upward. The tank i s  loaded so  t h a t  
t h e  s u r f a c e  t e n s i o n  dev ice  i s  f u l l  of p r o p e l l a n t  p r i o r  t o  expul- 
s i o n .  The u l l a g e  i s  p r e s s u r i z e d  t o  f l i g h t  p r e s s u r e  ( o r  some lower 
l e v e l ) ,  t h e  o u t l e t  is  opened, and l i q u i d  is  expe l l ed  from t h e  tank 
u n t i l  g a s  i n g e s t i o n  occurs .  The l i q u i d  volume outflowed i s  meas- 
ured t o  t h e  gas  i n g e s t i o n  p o i n t  t o  check t h e  p r e d i c t e d  performance. 
Techniques f o r  accomplishing t h e  1-g t es t  and t h e  r e s u l t s  of some 
a c t u a l  tests are documented i n  Ref IV-22. 
A t y p i c a l  test apparatus  € o r  accomplishing t h e  1-g test  is  
i l l u s t r a t e d  i n  F igu re  IV-21. The p r o p e l l a n t  t r a p  i s  f i l l e d  by 
p r e s s u r i z i n g  t h e  r e c e i v e r  tank and flowing p r o p e l l a n t  through t h e  
p r e s s u r i z a t i o n  l i n e .  
complete f i l l i n g  of t h e  tes t  tank.  Some gas might be t rapped below 
t h e  c o v e r p l a t e  (with r e s p e c t  t o  t h e  i l l u s t r a t e d  o r i e n t a t i o n )  o r  
w i t h i n  t h e  r e s e r v o i r  b u t  t h i s  w i l l  n o t  a f f e c t  t h e  test .  It merely 
changes t h e  s t a r t i n g  p o i n t  of t h e  expuls ion.  The tank i s  then  
p r e s s u r i z e d  and p r o p e l l a n t  i s  d ra ined  o u t  of t h e  bottom of t h e  
tank t o  expose t h e  cove rp la t e  t o  t h e  p r e s s u r a n t  gas .  The cover- 
p l a t e  should b e  capable  of r e t a i n i n g  t h e  p r o p e l l a n t  i n  t h i s  con- 
f i g u r a t i o n .  








Tank under Test 
Tension 
‘ization 
Figure IV-21 One-g Test Schematic 
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Outflow of t h e  t r a p  is  accomplished by opening t h e  flow 
c o n t r o l  valve and al lowing t h e  p r o p e l l a n t  t o  flow from t h e  t r a p  t o  
t h e  receiver tank. One way of monitor ing t h e  l i q u i d  level i s  t o  
measure t h e  weight of t h e  tank. A s t r a i n  gage system on a c a n t i -  
lever beam has been used t o  measure t h e  weight w i th  good r e s u l t s  
(Ref IV-22). A r eco rd ing  of t h e  tank weight by i t s e l f  would pro- 
v i d e  s u f f i c i e n t  information about t h e  l i q u i d  level a t  gas inges-  
A flow meter and a s i g h t  t i o n .  
g l a s s  on t h e  f eed  l i n e  would 
and t h e  presence of any gas bub- 
t r ansduce r ,  between t h e  p r e s s u r a n t  
i n l e t  and t h e  f eed  l i n e  can a l so  
assist i n  determining t h e  p o i n t  
of g a s  i n g e s t i o n .  F igu re  IV-22 
r e p r e s e n t s  t h e  t y p i c a l  change i n  
weight and p r e s s u r e  f o r  a 1-g t e s t  
- b e t t e r  e s t a b l i s h  t h e  f l o w r a t e  
- Y I  .r h l P  -
E 2  s . 3  b l e s .  A d i f f e r e n t i a l  p r e s s u r e  
. 
o m  + - Y I  
Outflow Time (sec) 
14 (Ref IV-22). 
1 2  
The temperature of t h e  2 10 - YI p r o p e l l a n t  i s  c o n t r o l l e d  s o  t h a t  
i t  w i l l  be  w i t h i n  t h e  range ex- 
pected during f l i g h t .  Tests 
wi th  t h e  p r o p e l l a n t  a t  t h e  upper 
and lower temperature l i m i t s  may 
1.5 3.0  4 . 5  6.0 7.5 9.0 10.50 b e  p a r t  of t h e  q u a l i f i c a t i o n  test .  
Since t h e  MMH, N2O4, and n i t r a t e d  
hydrazine are used a t  temperatures 
near 500"R, thermal c o n t r o l  p re -  
s e n t s  no problem. The OF2 and 
- 8  
E Screen Breakdown 




Figure IV-22 Pressure and Weight vs 
Time 
B2H6r on t h e  o t h e r  hand, s t o r e d  a t  250"R w i l l  r e q u i r e  t h a t  some 
means of c o n t r o l l i n g  t h e  h e a t  i n p u t  i n t o  the test  tank be used dur- 
i ng  test .  A p o s s i b l e  means f o r  doing t h i s  would b e  t o  use  t h e  
s p a c e c r a f t ' s  thermal c o n t r o l  system and a vacuum chamber. 
Using t h e s e  techniques,  t h e  a c t u a l  p r o p e l l a n t  could b e  ex- 
p e l l e d  from t h e  t r a p .  By c a r e f u l l y  c o n t r o l l i n g  t h e  p r e s s u r a n t  sup- 
p ly  and t h e  flow c o n t r o l  va lve ,  the a c t u a l  f low cond i t ions  t h a t  
w i l l  occur i n  f l i g h t  can b e  d u p l i c a t e d .  Once t h e  p o i n t  a t  which 
gas i n g e s t i o n  occurs  has been d e t e c t e d ,  t h e  amount of p r o p e l l a n t  
remaining i n  t h e  t r a p  could b e  determined from t h e  in s t rumen ta t ion .  
The h e i g h t  of t h e  l i q u i d  remaining should b e  equa l  t o  o r  less than  
t h e  h e i g h t  determined by a n a l y t i c a l  methods. 
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b .  Loadinp, and Handling - The major impact that prelaunch 
procedures have on t h e  1-g test design concept is i n  the area of 
gas entrapment.  I f  gas i s  t rapped w i t h i n  e i t h e r  t h e  r e s e r v o i r  o r  
annulus during prelaunch o p e r a t i o n s ,  d i f f i c u l t i e s  i n  completing 
t h e  mission could arise. I f  gas i s  t rapped w i t h i n  t h e  annulus ,  
gas w i l l  tend t o  b e  i n g e s t e d  during expuls ion.  This  s m a l l  volume 
of gas may cause some combustion i n s t a b i l i t i e s  b u t  would probably 
no t  b e  c a t a s t r o p h i c .  I f  gas i s  t rapped w i t h i n  t h e  r e s e r v o i r ,  t h e r e  
may n o t  b e  enough p r o p e l l a n t  a v a i l a b l e  t o  f eed  t h e  annulus and 
s a t i s f y  a l l  t h e  engine burns.  The degree of t h e s e  d i f f i c u l t i e s  
depends upon t h e  amount of gas t rapped,  t h e  p a r t i c u l a r  engine,  
p a r t i c u l a r  burn,  mission o b j e c t i v e ,  e tc .  The fol lowing,  t h e r e f o r e ,  
i s  a d i s c u s s i o n  of t h e  impact on t h e  t r a p  design of loading tech-  
niques and handl ing procedures wi th  regard t o  gas  entrapment. 
1) Loading - Two p o s s i b l e  loading techniques may b e  used; 
one i s  vented load ing ,  t h e  o t h e r ,  vacuum loading.  
a )  Vented Loading - A simple vented loading procedure 
i s  accomplished as fo l lows .  Consider t h e  tank t o  be i n  t h e  u p r i g h t  
p o s i t i o n  and i n i t i a l l y  f i l l e d  wi th  an  i n e r t  gas b l a n k e t .  
p r o p e l l a n t  is loaded i n t o  t h e  tank through t h e  f eed  l i n e  wh i l e  t h e  
i n e r t  gas i s  vented through t h e  p r e s s u r i z a t i o n  p o r t .  Loading con- 
t i n u e s  u n t i l  t h e  tank is  f i l l e d  t o  t h e  proper  level  as determined 
e i t h e r  by tank weight o r  a gaging system (Ref IV-20). 
Liquid 
Because of q a p i l l a r y  pumping o r  wicking, s c r e e n  
material can f i l l  w i th  l i quad .  
t h e  annulus of t h e  t r a p  during load ing .  Liquid w i l l  wick i n t o  t h e  
screen s o  t h a t  i t  w i l l  be  wet ted t o  a h e i g h t  above t h e  r i s i n g  l i q -  
u id  level .  When t h e  wicking reaches t h e  c o v e r p l a t e ,  gas w i l l  b e  
trapped w i t h i n  t h e  annulus between t h e  tank w a l l  and t h e  wet ted 
concen t r i c  l i n e r  (Fig.  IV-23a). The a b i l i t y  of s c r e e n  material t o  
wick depends upon t h e  type of weave. Dutch t w i l l  s c r een  i s  s u b j e c t  
t o  wicking, w h i l e  squa re  weave and t w i l l  weave s c r e e n  w i l l  n o t  wick 
apprec i ab ly  under 1 g (Ref IV-3). The re fo re ,  t h e  s e v e r i t y  of gas 
entrapment w i t h i n  t h e  annulus during vented loading i s  d i r e c t l y  
dependent upon t h e  type  of s c r e e n  mater ia l  employed f o r  t h e  annu- 
l u s .  
s o  t h i s  t r a p  w i l l  b e  s u b j e c t  t o  gas entrapment.  The t r a p s  f o r  
Missions A2 and B u se  a t w i l l  weave s c r e e n  s o  t h e  amount of gas  
entrapped,  i f  any, w i l l  be  s m a l l .  
Consider t h e  e f f e c t  of wicking on 
For Mission A I ,  t h e  annulus s c r e e n  material  i s  Dutch t w i l l  , 
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E n t r a p p e d  Gas A 
a )  E n t r a p m e n t  w i t h i n  Annulus 
b)  E n t r a p m e n t  w i t h i n  Reservoir 
Figure IV-23 Gas En trapmen t during 
Vented Loading 
I n e r t  gas may 
a l s o  b e  entrapped w i t h i n  the 
t r a p  r e s e r v o i r  du r ing  t h e  vented 
tank load ing ,  because t h e  cover- 
p l a t e  i s  a l s o  s u b j e c t  t o  wicking 
(Ref IV-3). I f  p r o p e l l a n t ,  dur- 
i n g  f i l l i n g ,  c o n t a c t s  t h e  cover- 
p l a t e  unevenly, gas w i l l  b e  en- 
t rapped s i n c e  a g a s / l i q u i d  i n t e r -  
f a c e  w i l l  form ahead of t h e  
ascending l i q u i d  level  and block 
an escape r o u t e  f o r  t h e  i n e r t  gas 
occupying t h e  r e s e r v o i r  area. 
Uneven c o n t a c t i n g  of t h e  cover- 
p l a t e  by t h e  p r o p e l l a n t  can oc- 
cu r  i f  f i l l i n g  rates are such as 
t o  create s l o s h i n g  o r  i f  t h e  tank 
i s  a t  a s l i g h t  tilt a n g l e  during 
load ing  as shown i n  F igu re  IV-23b. 
It should b e  no ted ,  however, t h a t  
severe gas entrapment problems 
w i t h i n  t h e  r e s e r v o i r  seem f a i r l y  
remote, because of t h e  u s e  of a 
f l a t  c o v e r p l a t e  (a c o n i c a l  cover- 
p l a t e  would p r e s e n t  d e f i n i t e  gas 
entrapment problems). I f  t h e  
tank i s  f i l l e d  a t  a rate f a s t e r  
than t h e  wicking ra te  of t h e  
s c r e e n  material, no gas w i l l  b e  
entrapped.  However, f o r  p r a c t i c a l  
f i l l i n g  rates which would n o t  
produce s l o s h ,  wicking of t h e  
s c r e e n  w i l l  always precede t h e  
l i q u i d  level. 
The s i z e  of t h e  
i n e r t  gas bubbles  t rapped w i t h i n  
t h e  annulus o r  r e s e r v o i r  w i l l  b e  
g r e a t l y  reduced upon tank pres- 
s u r i z a t i o n .  For a l l  t h e  missions,  
t h e  tank is  p r e s s u r i z e d  t o  350 
p s i a ,  which reduces t h e  volume of 
t h e  gas bubble  by a f a c t o r  of 
0.05. The p o s s i b i l i t y  e x i s t s ,  
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t h e r e f o r e ,  t h a t  a f t e r  p r e s s u r i z a t i o n ,  gas entrapment problems may 
be e l imina ted  ( s i z e  of gas bubbles i n  annulus reduced s o  as t o  n o t  
a f f e c t  engine performance i f  i n g e s t e d  and amount of space occupied 
i n  r e s e r v o i r  by i n e r t  gas reduced t o  an i n s i g n i f i c a n t  amount). 
However, f o r  Mission B ,  i f  t h e  reduced i n e r t  gas bubbles are n o t  
d i s so lved  by t h e  p r o p e l l a n t  o r  expe l l ed  from t h e  annulus o r  reser- 
v o i r ,  they w i l l  i n c r e a s e  i n  s i z e  throughout t h e  mission s i n c e  t h e  
tank p r e s s u r e  w i l l  dec rease  (blowdown p r e s s u r i z a t i o n  system).  This 
cons ide ra t ion  does n o t  e x i s t  f o r  Missions A 1  and A2 because a regu- 
l a t o r  maintains  a r e l a t i v e l y  cons t an t  p r e s s u r e  w i t h i n  t h e  tank.  
To reduce t h e  gas entrapment due t o  vented propel- 
The cove rp la t e  could be designed s o  t h a t  i t  w i l l  
l a n t  l oad ing ,  f o u r  p o s s i b l e  s o l u t i o n s  o r  combinations thereof  could 
b e  inco rpora t ed .  
b e  u n s t a b l e  due t o  t h e  boos t  a c c e l e r a t i o n s .  By us ing  t h i s  approach 
any entrapped gas would b e  purged from t h e  t r a p ;  however, t he  l-g 
test  requirement p r o h i b i t s  t h i s  type of design.  The c o v e r p l a t e  
pore s i z e s  r equ i r ed  f o r  t h e  l-g t e s t  w i l l  b e  s t a b l e  during b o o s t  




Figure IV-24 P rope l l an t  Trap w i t h  
Vent Tubes 
Another approach 
would b e  t o  add ven t  tubes t o  
t h e  annulus of t h e  t r a p  as shown 
i n  F igu re  I V - 2 4  (Ref I V - 2 3 ) .  The 
top of t h e  tube  would be covered 
wi th  t h e  same screen material used 
i n  t h e  c o v e r p l a t e  so t h e  tubes  
would r e t a i n  t h e  p r o p e l l a n t  during 
t h e  l-g test. During load ing ,  t h e  
tubes  would provide a passage 
through which gas  could be vented,  
e l i m i n a t i n g  t h e  problem caused by 
t h e  wicking sc reen .  The major 
drawbacks of t h e  design are t h a t  
i t  f u r t h e r  complicates t h e  o r i g i -  
n a l  des ign ,  adds some weight,  and 
s l i g h t l y  dec reases  expuls ion e f f i -  
c iency ( p r o p e l l a n t  held i n  t h e  v e n t  t ubes  i s  wasted).  -A l so ,  i f  t h e  
foraminous caps  of t h e  v e n t  tubes become wetted prematurely because 
of s lo sh ing  during load ing ,  gas  may s t i l l  be entrapped. During t h e  
mission,  i f  t h e  sc reen  on t h e  tubes should dry o u t ,  l i q u i d  would be 
l o s t  from t h e  t r a p .  
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A t h i r d  way i n  which t h e  annulus may b e  c l e a r e d  
of entrapped i n e r t  g a s  i s  t o  f l u s h  t h e  annulus  a f t e r  l oad ing ,  
e i t h e r  b e f o r e  o r  a f t e r  p r e s s u r i z a t i o n .  A f l u s h i n g  procedure would 
c o n s i s t  of f irst  r o t a t i n g  t h e  tank 180°,  s o  t h a t  t h e  outflow p o r t  
i s  v e r t i c a l l y  upward. Any gas  bubbles i n  t h e  annulus  would then  
rise t o  t h e  outf low p o r t .  Some p r o p e l l a n t  i s  then  expel led 
from t h e  tank,  c l e a r i n g  t h e  annulus of gas .  Any gas  w i t h i n  t h e  
r e s e r v o i r ,  however, w i l l  n o t  be c l e a r e d .  The r o t a t i o n  of t h e  tank,  
back t o  t h e  u p r i g h t  p o s i t i o n  w i l l  a l s o  p r e s e n t  gas entrapment prob- 
l e m s  ( s e e  Handling Impacts,  below). Also,  t h i s  technique could 
only b e  employed i f  t h e  tanks are loaded b e f o r e  s p a c e c r a f t  assembly 
and encapsu la t ion  because of t h e  d i f f i c u l t y  of tank r o t a t i o n  during 
on-pad loading.  
A p o s s i b l e  way of avoiding gas entrapment w i t h i n  
the  annulus ,  i s  t o  load  t h e  tanks i n  t h e  i n v e r t e d  p o s i t i o n .  This  
would e l i m i n a t e  gas from be ing  t rapped w i t h i n  t h e  annulus b u t  would 
now cause gas entrapment w i t h i n  t h e  r e s e r v o i r  i f  t h e  c o n c e n t r i c  
l i n e r  s c r e e n  material  i s  s u b j e c t  t o  wicking as i n  Mission A I .  
i n v e r t e d  f i l l i n g ,  t h e  gas entrapment problem i n  $he annulus i s  now 
s h i f t e d  t o  one w i t h i n  the  r e s e r v o i r  area. 
By 
b)  Vacuum Loading - For t h i s  method, t h e  tanks are 
evacuated b e f o r e  t h e  l i q u i d  p r o p e l l a n t  i s  loaded. Any gas en- 
trapped i n  t h e  s c r e e n  device would b e  p r o p e l l a n t  vapor.  When t h e  
tank is  p r e s s u r i z e d  t h e  gas w i l l  completely condense, e l i m i n a t i n g  
a l l  entrapped gas .  Compared t o  vented loading t h i s  is a much 
easier way of e l i m i n a t i n g  trapped gas .  The p r o p e l l a n t  loading sys- 
t e m  would r e q u i r e  a vacuum pump i n  o rde r  t o  accomplish t h i s  t ype  
of loading.  
2 )  Handling Impacts - Two d i f f e r e n t  approaches f o r  load- 
ing  and handl ing of t h e  s p a c e c r a f t  ( independent of t h e  a c t u a l  load- 
ing  procedure) are p o s s i b l e  f o r  t h e  t h r e e  mis s ions .  These are 
on-pad loading of t h e  tanks a f t e r  assembly and encapsu la t ion  of 
t h e  s p a c e c r a f t ,  o r  loading p r i o r  t o  assembly and encapsu la t ion  f o l -  
lowed by t r a n s p o r t  and mating of t h e  s p a c e c r a f t  t o  t h e  b o o s t e r .  
Each has  i t s  advantages,  b u t  t h e  l a t te r  would have t h e  most impact 
on t h e  t r a p  because t h e  tanks must b e  moved a f t e r  loading.  Based 
on t h e  loading and handl ing procedures used f o r  t h e  Mariner and 
Surveyor s p a c e c r a f t s  and s t u d i e s  of prelaunch ope ra t ions  f o r  t h i s  
type of s p a c e c r a f t  (Ref IV-20), loading b e f o r e  encapsu la t ion  would 
b e  t h e  p r e f e r r e d  approach f o r  t h e s e  missions.  Therefore ,  t h e  f o l -  
lowing i s  a d i s c u s s i o n  of t h e  impact of t h a t  mode upon t h e  des ign  
of t h e  p r o p e l l a n t  t r a p .  
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Entrapment of gas i n  t h e  annulus o r  r e s e r v o i r  of t h e  
t r a p  due t o  t h e  r o t a t i o n  of t h e  tanks is  t h e  major impact of load- 
i n g  p r i o r  t o  encapsu la t ion .  Ro ta t ion  may b e  necessary du r ing  t h e  
assembly, system checkout,  t r a n s p o r t a t i o n  t o  t h e  launch pad, o r  
mating of t h e  s p a c e c r a f t  t o  t h e  b o o s t e r .  I f  t h e  Mission B propel-  
l a n t  t ank  (loaded t o  50% u l l a g e )  is  r o t a t e d  more than  53" from t h e  
ver t ical  p o s i t i o n ,  u l l a g e  gas w i l l  c o n t a c t  t h e  c o v e r p l a t e ,  Only a 
s m a l l  p o r t i o n  of t h e  c o v e r p l a t e  needs t o  b e  exposed t o  gas b e f o r e  
i t  w i l l  b r eak  down due t o  t h e  h y d r o s t a t i c  head. The 53" tilt  is  a 
p r a c t i c a l  l i m i t  beyond which t h e  t ank  cannot b e  r o t a t e d .  With t h e  
i n i t i a l  10% u l l a g e  f o r  Missions A1 and A 2 ,  t h e s e  tanks could b o t h  
b e  r o t a t e d  88" b e f o r e  gas would c o n t a c t  t h e  cove rp la t e .  This an- 
g l e  would b e  used as t h e  l i m i t  f o r  t h e  tank r o t a t i o n .  
Considering t h e  loading procedures d i scussed  ear l ie r  
( i n  which t h e  tank is  i n v e r t e d ) ,  r o t a t i n g  t h e  tanks t o  t h e i r  up- 
r i g h t  p o s i t i o n  would cause breakdown of t h e  c o v e r p l a t e  as d i scussed  
above, f o r  a l l  t h r e e  mis s ions ;  t h e r e f o r e ,  t h e  f l u s h i n g  schemes are 
undes i r ab le .  
I f  a l a r g e r  t ilt  ang le  i s  d e s i r e d ,  t h e  tanks could b e  
completely f i l l e d  f o r  t h e  pe r iod  of t i m e  t h a t  t i l t i n g  of t h e  t ank  
i s  r e q u i r e d ,  and then t h e  excess  p r o p e l l a n t  could b e  unloaded. 
The thermal c o n t r o l  system may b e  capable  of maintaining a cons t an t  
p r o p e l l a n t  temperature  s o  t h a t  expansion of t h e  p r o p e l l a n t  would 
no t  be a problem. I f  expansion i s  a problem, an  accumulator to 
absorb t h e  volume changes would be r e q u i r e d .  Unloading of t h e  ex- 
cess would probably have t o  t a k e  p l a c e  a f t e r  t h e  s p a c e c r a f t  w a s  
mated w i t h  t h e  boos te r .  An a c c u r a t e  means of unloading t h e  space- 
c r a f t  i n  t h i s  c o n f i g u r a t i o n  would-be r equ i r ed .  This  approach would 
negate  t h e  primary advantage of loading be fo re  mating, i . e . ,  ob- 
t a i n i n g  a ve ry  p r e c i s e  p r o p e l l a n t  load (Ref IV-20). 
A b e t t e r  s o l u t i o n ,  a p p l i c a b l e  only i f  t h e  tanks are 
vacuum loaded, i s  t o  r e l y  upon tank p r e s s u r i z a t i o n  t o  condense 
a l l  t h e  vapor bubbles  t rapped i n  t h e  r e s e r v o i r  and annulus.  This  
would mean delaying p r e s s u r i z a t i o n ,  e i t h e r  p a r t i a l  o r  f u l l ,  u n t i l  
a l l  hand l ing  procedures have ceased. 
Based on t h e  c o n s i d e r a t i o n s  of both loading and han- 
d l i n g ,  a vacuum loading procedure i s  recommended. This technique 
would e l i m i n a t e  a l l  gas entrapment problems when p r e s s u r i z a t i o n  i s  
accomplished a f t e r  handl ing i s  complete. G a s  entrapment due t o  t h e  
Dutch t w i l l  s c r e e n  used f o r  Mission A1 would n o t  p r e s e n t  any prob- 
lems and a 180" r o t a t i o n  of t h e  tank would b e  a l lowab le .  I f  t h e  
al lowable t ilt  ang les  are n o t  exceeded, vented loading could b e  
used f o r  Missions A 2  and B.  
cause any problems i f  t h e  p r o p e l l a n t  i s  loaded wi thou t  producing 
any s l o s h i n g  e 
The t w i l l  weave s c r e e n  would n o t  
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2.  Boost Phase 
During t h e  b o o s t  phase of t h e  mission,  t h e  p r o p e l l a n t  t r a p  is  
completely f u l l  and covered w i t h  p r o p e l l a n t .  The dev ice  does n o t  
have any f u n c t i o n  t o  perform i n  t h i s  phase of t h e  mission.  
concern is p r o p e l l a n t  s l o s h  induced by t h e  a c c e l e r a t i o n  and v ib ra -  
t i o n  of t h e  b o o s t e r .  The q u e s t i o n  is  whether t h e  s l o s h  could cause 
gas t o  b e  i n g e s t e d  i n t o  t h e  t r a p .  A s  p a r t  of t h i s  a n a l y s i s ,  any 
s l o s h  t h a t  could b e  induced by t h e  wind (while  t h e  b o o s t e r  i s  on 
t h e  launch pad) w a s  a l s o  considered.  
One 
When a p a r t i a l l y  f i l l e d  p r o p e l l a n t  tank i s  e x c i t e d  l o n g i t u d i -  
n a l l y  (Ref IV-24), o r  l a t e r a l l y  (Ref IV-25), e i t h e r  symmetrical  o r  
asymmetrical l i q u i d  s u r f a c e  displacement c o n f i g u r a t i o n s  can r e s u l t  
Figure IV-25 Liquid Surface 
Displacement i n  a Spherical Tank 
(Fig.  IV-25) Since asymmetric \, 
displacement can produce h i g h e r  
s l o s h  amplitudes than  symmetric 
s u r f a c e  displacement (Ref IV-26) 
i t  w a s  given primary considera- 
t i o n .  The asymmetric configura- 
t i o n  can occur due t o  long i tu -  
d i n a l  tank e x c i t a t i o n  (Ref IV-24), 
b u t  t h e  p o s s i b i l i t y  of t h i s  oc- 
c u r r i n g  du r ing  boos t  is remote. 
It would a l s o  b e  d i f f i c u l t  t o  
achieve on t h e  pad, s i n c e  wind 
loads are u s u a l l y  r e s p o n s i b l e  
only f o r  la teral  e x c i t a t i o n s .  
Therefore ,  only asymmetric s losh -  
i ng  due t o  l a te ra l  e x c i t a t i o n  is  
of concern. This  type of s l o s h  
could reach h igh  amplitudes i f  
t h e  e x c i t a t i o n  frequency is  nea r  
t h e  n a t u r a l  frequency of t h e  
p r o p e l l a n t .  
The n a t u r a l  frequency parameter u2 - f o r  d i f f e r e n t  p r o p e l l a n t  
( N 9  
levels i n  a s p h e r i c a l  tank is  shown i n  F igu re  IV-26 (Ref IV-27). 
From t h e s e  cu rves ,  F igu re  IV-27 w a s  gene ra t ed ,  The f i r s t  mode 
n a t u r a l  f r equenc ie s  needed f o r  t h e  e x c i t a t i o n  of l a r g e  amplitude 
asymmetric s l o s h i n g  during ground hold f o r  Missions A I ,  A z 9  and 
B and f o r  t h e  Mission A 1  boos t  phase are shown. The curves f o r  
t h e  b o o s t  phase of MissionsiA2 and B are p a r a l l e l  t o  t h e  Mission 
A1 curve w i t h  each s t a r t i n g  a f  t h e  ground h o l d  v a l u e .  Only t h e  
f i r s t  mode f r equenc ie s  were c a l c u l a t e d  s i n c e  t h e s e  g i v e  t h e  l a r g e s t  
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Fullness R a t i o  (h/D) 
Figure IV-26 Natural Frequency 
Parameter Variation w i t h  Depth o f  
Propel 1 an t  i n Spherical Tank 
amplitudes (Ref IV-26) a The 
range of n a t u r a l  f r equenc ie s  i s  
between 1 and 2.5 cyc le s  pe r  
second. Based on Viking l ande r  
s l o s h  t e s t i n g ,  wind-induced ex- 
c i t a t i o n  f r equenc ie s  can b e  as 
h igh  as 1 . 3  c y c l e s  p e r  second 
(Ref IV-28). A l s o ,  dur ing 
b o o s t ,  low la teral  e x c i t a t i o n  
f r equenc ie s  would probably e x i s t  
w i t h i n  t h a t  range.  Therefore ,  
h igh  amplitude s l o s h i n g  may oc- 
cur  w i t h i n  t h e  p r o p e l l a n t  tanks 
f o r  a l l  t h r e e  missions both dur- 
i n g  ground hold and boos t  phase.  
Even though h igh  amplitude 
s l o s h i n g  may b e  i n i t i a t e d ,  t h e  
s i z e  of t h e  u l l a g e  must b e  con- 
s i d e r e d .  Since t h e  u l l a g e  is  
10% f o r  Missions A1 and A 2 ,  t h e  
s l o s h i n g  would b e  confined t o  
t h e  upper h a l f  of t h e  tank and 
could n o t  a f f e c t  t h e  t r a p .  For 
Mission B ,  w i t h  a 50% u l l a g e ,  
t h e  p o s s i b i l i t y  of t h e  s l o s h  a f -  
f e c t i n g  t h e  t r a p  seems more 
l i k e l y ,  b u t  t h e r e  are two f a c t o r s  
which reduce t h e  p o s s i b i l i t y  
The f i r s t  f a c t o r  is  t h a t  a s p h e r i c a l  t ank  tends t o  d i s s i p a t e  
high amplitude s l o s h i n g ,  because t h e  waves b reak  as they flow up 
t h e  w a l l s  of t h e  tank (Ref IV-26). The second f a c t o r  i s  t h a t  t h e  
cove rp la t e  damps t h e  e f f e c t  of t h e  s l o s h .  Before gas i n g e s t i o n  
can occur ,  t h e  amplitude of t h e  s l o s h  must b e  l a r g e  enough t o  have 
gas i n  con tac t  w i t h  t h e  c o v e r p l a t e ,  Then, t h e  l i q u i d  i n s i d e  t h e  
t r a p  must have s u f f i c i e n t  v e l o c i t y  s o  t h a t  i t  w i l l  flow through 
t h e  c o v e r p l a t e  and al low gas t o  b e  i n g e s t e d .  The c o v e r p l a t e  of 
t h e  Mission €3 t r a p  (double p e r f o r a t e d  p l a t e  w i t h  t w i l l e d  weave 
sc reen  on t h e  upper p l a t e )  has  very good damping c h a r a c t e r i s t i c s  
(Ref IV-3). It i s  u n l i k e l y  t h a t  any gas would b e  i n g e s t e d  when t h e  
i n h e r e n t  damping of t h e  tank and t h e  cove rp la t e  i s  considered.  
Higher amplitude s l o s h  than t h a t  generated by wind loads  o r  boos t  
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a. Thermal Analysis  - Before f i n a l i z i n g  t h e  c o n f i g u r a t i o n  of 
t h e  1-g test  design,  an a n a l y s i s  w a s  conducted t o  determine what 
e f f e c t  t h e  thermal environments of t h e  t h r e e  missions have on t h e  
p r o p e l l a n t  t r a p .  The a b i l i t y  of a p r o p e l l a n t  t r a p  t o  r e t a i n  l i q u i d  
can be degraded by v a r i a t i o n s  i n  t h e  thermal environment. Propel- 
l a n t  can b e  l o s t  from t h e  t r a p  i f  v a p o r i z a t i o n ,  thermal expansion, 
o r  growth of a gas bubble occurs i n s i d e  t h e  t r a p .  Therefore ,  each 
mission w a s  considered i n  o rde r  t o  determine a l l  t h e  f a c t o r s  t h a t  
could cause t h e  thermal environment t o  vary.  Since t h e  thermal 
d a t a  f o r  t h e s e  missions are p r e s e n t l y  e i t h e r  p re l imina ry  o r  n o t  
a v a i l a b l e ,  t h e  a n a l y s i s  i d e n t i f i e d  t h e  p o t e n t i a l  problem areas and 
y i e lded  a t e n t a t i v e  assessment of t h e s e  problems. 
Vaporizat ion w i l l  occur whenever t h e  p a r t i a l  p r e s s u r e  of 
t h e  p r o p e l l a n t  vapor i n  t h e  u l l a g e  i s  less than  t h e  s a t u r a t i o n  
p r e s s u r e  of t h e  l i q u i d .  Heat from t h e  space environment w i l l  i n -  
crease t h e  temperature of t h e  l i q u i d ,  and v a p o r i z a t i o n  w i l l  occur 
because of t h e  i n c r e a s e  i n  s a t u r a t i o n  p r e s s u r e .  Another source of 
h e a t  i s  t h e  engine of t h e  s p a c e c r a f t .  During and subsequent t o  
each o p e r a t i o n  of t h e  engine,  h e a t  w i l l  b e  t r a n s f e r r e d  from t h e  
engine t o  t h e  p r o p e l l a n t  tanks.  While t h e  p r o p e l l a n t  i s  being 
heated by t h i s  sou rce ,  v a p o r i z a t i o n  w i l l  occur .  The i n c r e a s e  i n  
the  gas volume due t o  t h e  consumption of p r o p e l l a n t  during a bu rn  
and t h e  a d d i t i o n  of helium p r e s s u r a n t  during t h e  outflow w i l l  a l s o  
d i s t u r b  t h e  equ i l ib r ium.  
Vaporizat ion occurs  a t  t h e  g a s / l i q u i d  i n t e r f a c e .  For a 
p r o p e l l a n t  t r a p ,  an i n t e r f a c e  w i l l  always e x i s t  a t  t h e  c o v e r p l a t e  
because i t  must remain w e t .  
s i d e  t h e  t r a p ,  which i s  another  g a s / l i q u i d  i n t e r f a c e .  
i z a t i o n  occurs  a t  t h e  c o v e r p l a t e ,  p r o p e l l a n t  vapor leaves t h e  
cove rp la t e  and e n t e r s  t h e  u l l a g e .  To keep p r e s s u r e  uniform through- 
out  t h e  t ank ,  a volume of e i t h e r  gas o r  l i q u i d ,  equa l  t o  t h e  vol-  
ume of l i q u i d  vaporized,  must e n t e r  t h e  t r a p .  Unless l i q u i d  out-  
s i d e  t h e  t r a p  is  i n  c o n t a c t  w i th  t h e  c o v e r p l a t e ,  gas w i l l  e n t e r  
t he  t r a p .  On a much smaller s c a l e ,  v a p o r i z a t i o n  w i l l  occur a t  t h e  
i n t e r f a c e  of t h e  t rapped gas bubble t o  e s t a b l i s h  equ i l ib r ium.  I n  
t h i s  case, t h e  s i z e  of t h e  gas bubble w i l l  i n c r e a s e  by t h e  volume 
of l i q u i d  vaporized.  
Usual ly  t h e r e  w i l l  b e  a gas bubble in -  
When vapor- 
The l i q u i d  w i l l  be cooled by t h e  v a p o r i z a t i o n ,  because t h e  h e a t  
of v a p o r i z a t i o n  must be supp l i ed  by t h e  l i q u i d .  
oppos i t e  t h e  t r a p  i s  c o o l e r ,  some of t h e  Vaporized p r o p e l l a n t  w i l l  
condense, h e a t i n g  up t h a t  w a l l .  A complex p rocess ,  which r ees t ab -  
l i s h e s  t h e  equ i l ib r ium between t h e  l i q u i d  and t h e  gas i n  t h e  t a n k s ,  
t akes  p l a c e  whenever t h i s  equ i l ib r ium i s  d i s t u r b e d .  
I f  t h e  tank w a l l  
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Thermal expansion i s  a r e s u l t  of i n c r e a s i n g  t h e  tempera- 
t u r e  of t h e  l i q u i d  and thereby reducing i t s  d e n s i t y .  A we t t ed  
cove rp la t e  provides  a b a r r i e r  t o  gas ,  b u t  i t  does n o t  res t r ic t  t h e  
flow of l i q u i d .  A s  long as t h e  l i q u i d  i n  t h e  t r a p  i s  i n  c o n t a c t  
w i th  t h e  c o v e r p l a t e ,  which i s  u s u a l l y  t h e  case under low g ,  i t  w i l l  
b e  fo rced  ou t  of t h e  t r a p  i n  p re fe rence  t o  any gas l o c a t e d  i n  t h e  
t r a p .  Therefore ,  t h e  i n c r e a s e  i n  l i q u i d  volume due t o  thermal ex- 
pansion w i l l  b e  l o s t  from t h e  t r a p .  I f  t h e  l i q u i d  w a s  then cooled, 
t h e  c o n t r a c t i o n  would draw l i q u i d  i n t o  t h e  t r a p  i f  i t  w a s  i n  con- 
tact  wi th  t h e  c o v e r p l a t e ,  o the rwise  gas would b e  inges t ed .  
The growth of t h e  gas bubble has  a l r e a d y  been a considera-  
t i o n  i n  t h e  above two e f f e c t s ;  bo th  r e s u l t e d  i n  an i n c r e a s e  i n  t h e  
s i z e  of t h e  bubble.  Some a d d i t i o n a l  f a c t o r s  t h a t  would cause an 
i n c r e a s e  i n  t h e  bubble volume must a l s o  b e  considered.  I f  t h e  
l i q u i d  i n  t h e  t r a p  could b o i l ,  t h e  r e s u l t i n g  vapor would b e  added 
t o  t h e  vapor bubble.  The i n c r e a s e  i n  temperature ,  r equ i r ed  t o  
b o i l  t h e s e  p r o p e l l a n t s  a t  t h e  tank p r e s s u r e  of 350 p s i a ,  would be 
impossible  t o  a t t a i n .  I n  o rde r  t o  b o i l ,  t h e  vapor p r e s s u r e  must 
equa l  t h e  tank p r e s s u r e .  Table IV-8 l i s t s  t h e  s a t u r a t i o n  tempera- 
t u r e s  necessary-  t o  o b t a i n  a vapor p r e s s u r e  of 350 p s i a .  
Table IV-8 Saturat ion Temperatures 
Nomi nal 
Mission Propellant Temperature ( O R )  
A 1  OF2 250 
B2H6 250 
A2 N204 500 
500 I MMH I 
Saturat ion Temperature 





A v a l u e  f o r  t h e  s a t u r a t i o n  temperature of n i t r a t e d  hydrazine a t  
350 p s i a  w a s  no t  a v a i l a b l e ,  b u t  a t  10 p s i a  i t  i s  690"R. 
If t h e  p r e s s u r e  i n s i d e  t h e  gas bubble i n  t h e  t r a p  could 
become g r e a t e r  than t h e  u l l a g e  p r e s s u r e ,  l i q u i d  would b e  fo rced  
out of t h e  t r a p  as t h e  bubble expanded. A nonuniform a d d i t i o n  of 
h e a t ,  a t  a h igh  ra te  could produce t h i s  e f f e c t .  Engine h e a t  soak- 
back i s  t h e  only h e a t  a d d i t i o n  which is  n o t  r e l a t i v e l y  uniform; 
b u t ,  s i n c e  i t  t akes  hours t o  reach equ i l ib r ium,  i t s  rate is  low. 
Under t h e s e  cond i t ions  t h e  p r e s s u r e  i n  t h e  tank would remain uni- 
form and no p r e s s u r e  d i f f e r e n t i a l s  would be c r e a t e d .  
IV-50 MCR-70-171 
The volume of t h e  gas bubble i n  t h e  t r a p  would b e  changed 
by t h e  i n c r e a s e  i n  t h e  t ank  temperature  and p r e s s u r e .  I n c r e a s i n g  
t h e  temperature i n c r e a s e s  t h e  volume and t h e  i n c r e a s e  i n  p r e s s u r e  
would dec rease  t h e  volume. The t o t a l  e f f e c t  would b e  n e g l i g i b l e  
s i n c e  bo th  are of t h e  s a m e  o r d e r  of magnitude. 
By cons ide r ing  each of t h e  above e f f e c t s ,  i t  has  been e s t ab -  
l i s h e d  t h a t  l i q u i d  can b e  l o s t  due t o  two e f f e c t s ,  v a p o r i z a t i o n  and 
thermal expansion. The volume of gas t h a t  could b e  inges t ed  i n t o  
t h e  t r a p  is  equa l  t o  t h e  volume of l i q u i d  t h a t  i s  l o s t  due t o  t h e s e  
two e f f e c t s .  Since none of t h e  p r o p e l l a n t  t r a p s  are r e f i l l a b l e ,  
due t o  t h e  l-g test requirement ,  t h e  t o t a l  l o s s  of l i q u i d  from t h e  
t r a p  du r ing  t h e  e n t i r e  mission must b e  eva lua ted .  For Missions A1 
and A2,  t h e  pe r iod  p r i o r  t o  t h e  i n s e r t i o n  burn does n o t  have t o  b e  
considered because t h e  i n t e r f a c e  w i l l  always b e  i n  c o n t a c t  w i t h  
t h e  cove rp la t e .  No l i q u i d  can b e  l o s t  from t h e  t r a p  due t o  t h e r -  
m a l  e f f e c t s  during t h a t  pe r iod .  The e n t i r e  mission must b e  con- 
s i d e r e d  f o r  Mission B.  
The fol lowing paragraphs d i s c u s s  t h e  a n t i c i p a t e d  thermal 
environment f o r  Missions A I ,  A 2 ,  and B .  For each mission,  t h e  
l o s s  of p r o p e l l a n t  from t h e  t r a p  i s  a s s e s s e d  cons ide r ing  bo th  t h e  
thermal environment and t h e  tank thermal cond i t ions .  Vaporizat ion 
and thermal expansion of each p r o p e l l a n t  w a s  c a l c u l a t e d  based on 
the  p re l imina ry  thermal d a t a  a v a i l a b l e .  
1) Mission A1 - This mission i s  c h a r a c t e r i z e d  by propel-  
l a n t s  (B2Hg and OF2) t h a t  are considered t o  b e  mild cryogens. 
Also, t h i s  mission i s  thermally a f f e c t e d  by a long burn pe r iod  
( o r b i t  i n s e r t i o n )  during which 95% of t h e  p r o p e l l a n t s  are consumed. 
For t h e s e  p r o p e l l a n t s  and t h i s  mission,  p re l imina ry  thermal con- 
t r o l  s t u d i e s  s p e c i f y  some form of i n s u l a t i o n  on b o t h  p r o p e l l a n t  
tanks.  Because of t h i s  i n s u l a t i o n  requirement,  t h e  environmental  
h e a t i n g  i n  space w i l l  b e  reduced. 
An a n a l y s i s  of tank thermodynamics and h e a t  t r a n s f e r ,  f o r  
t h e  purposes of t h e  Task I1 P r e s s u r i z a t i o n  S t u d i e s ,  i s  p resen ted  
i n  Volume I. Based on t h i s  a n a l y s i s ,  i t  w a s  found t h a t  6 .3  lbm 
of OF;! would b e  vaporized during t h e  pe r iod  from t h e  end of t h e  
i n s e r t i o n  burn t o  t h e  end of t h e  mission,  This  v a p o r i z a t i o n  would 
r e s u l t  from environmental  h e a t i n g  and r ees t ab l i shmen t  of equ i l ib r ium 
between t h e  gas and l i q u i d  fol lowing a n  engine burn.  Because of i t s  
low vapor p r e s s u r e ,  t h e  amount of B2Hg vaporized du r ing  t h e  same 
pe r iod  would b e  n e g l i g i b l e .  Any v a p o r i z a t i o n  occur r ing  p r i o r  t o  
t h e  i n s e r t i o n  bu rn  w i l l  n o t  cause gas i n g e s t i o n  i n t o  t h e  t r a p  be- 
cause t h e  bu lk  l i q u i d  w i l l  b e  i n  c o n t a c t  w i th  t h e  cove rp la t e .  
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A thermal a n a l y s i s  w a s  conducted t o  assess t h e  e f f e c t s  
of engine h e a t  soakback f o r  Mission A I .  For t h i s  mission,  engine 
h e a t  soakback is  s i g n i f i c a n t  only fol lowing t h e  long-duration or- 
b i t  i n s e r t i o n  burn.  The a n a l y s i s  c a l c u l a t e d  t h e  temperature of 
t h e  p r o p e l l a n t  as a f u n c t i o n  of t i m e  cons ide r ing  conduction through 
t h e  f e e d  l i n e .  This  i s  t h e  primary mode of h e a t  t r a n s f e r  because 
the  tank w a l l  is  i n s u l a t e d .  A curve ( supp l i ed  by JPL) of t h e  en- 
Time f rom Engine Shutdown (hr)  
Figure IV-28 Temperature History o f  
Engi  ne Head-End a f t e r  
Engine Operation 
g ine  head temperature as a func- 
t i o n  of t i m e  w a s  used as t h e  
h e a t  sou rce  (Fig.  I V - 2 8 ) .  The 
engine head included t h e  b ip ro -  
p e l l a n t  engine valves and t h e  
upper p a r t  of t he  t h r u s t  cham- 
b e r .  However, i t  should b e  noted 
t h a t  t h i s  d a t a  i s  p re l imina ry  
and only an estimate f o r  a s i m i l a r  
type engine.  Aluminum feed  l i n e s  
were considered because t h e  tanks 
are cons t ruc t ed  of aluminum; a 
f eed  l i n e  l e n g t h  of f i v e  f e e t  
w a s  assumed. The p r o p e l l a n t  node 
included t h e  h e a t  c a p a c i t i e s  of 
t h e  p r o p e l l a n t ,  s c r e e n  t r a p ,  and 
ad jacen t  tank wall .  Only 3.8% of 
t h e  p r o p e l l a n t  loaded remained i n  
t h e  tank a t  this t i m e .  R e s u l t s  
of the a n a l y s i s  showed t h a t  a 
5" temperature  rise i n  t h e  propel- 
lant  occurred over a 30 minute 
pe r iod  fo l lowing  engine shut-  
down. This  a n a l y s i s  i s  conserva- 
t i ve  i n  t h a t  t h e  h e a t  c a p a c i t y  
of t h e  p r o p e l l a n t  i n  the feed  
l i n e  and t h e  h e a t  of v a p o r i z a t i o n  
which would b e  absorbed by t h e  
vapor i z ing  p r o p e l l a n t  were ne- 
g l e c t e d .  For t h e  OF,, a 5" tem-  
p e r a t u r e  rise i n  p r o p e l l a n t  t e m -  
p e r a t u r e  vapor i zes  approximately 
0.6 lbm. 
According t o  t h e  p r e s s u r i z a t i o n  s tudy  t h e  OF2 tempera- 
t u r e  would i n c r e a s e  5" and t h e  B2Hg temperature would i n c r e a s e  2" 
due t o  envkronmental h e a t i n g  du r ing  t h e  p e r i o d  between t h e  end of 
t h e  i n s e r t i o n  burn and t h e  end of t h e  mission.  Thermal expansion, 
due t o  environmental  h e a t i n g  and engine h e a t  soakback, would f o r c e  
0.8 lbm of l i q u i d  OF2 o u t  of i t s  t r a p .  For t h e  B2Hg p r o p e l l a n t ,  
v a p o r i z a t i o n  and thermal expansion are n e g l i g i b l e ,  because of i ts  
low vapor p r e s s u r e  and s m a l l  change i n  d e n s i t y  wi th  temperature.  
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2) Mission A2 - This mission i s  c h a r a c t e r i z e d  by propel- 
l a n t s  (N2O4 and MMH) t h a t  have ope ra t ing  temperatures  a t  approxi- 
mately 500"R. 
prevent  t h e  o x i d i z e r  from f r e e z i n g .  For t h e  purposes of t h e  
p r e s s u r i z a t i o n  a n a l y s i s  i t  w a s  assumed t h a t  t h e  thermal c o n t r o l  
system ma in ta ins  t h e  p r o p e l l a n t  a t  a r e l a t i v e l y  c o n s t a n t  tempera- 
t u r e  and t h e r e  would b e  no environmental  h e a t i n g .  
The thermal  c o n t r o l  system must provide h e a t  t o  
The r ees t ab l i shmen t  of equ i l ib r ium between t h e  gas and 
l i q u i d  fol lowing t h e  engine burns would cause t h e  v a p o r i z a t i o n  of 
0.9 lbm of N204 during t h e  pe r iod  of  t i m e  between t h e  end of i n -  
s e r t i o n  burn and t h e  end of t h e  mission.  Due t o  t h e  low vapor 
p re s su re  of MMH a t  temperatures near  500"R, v a p o r i z a t i o n  i n  t h e  
f u e l  tank during t h i s  s a m e  pe r iod  would be n e g l i g i b l e ,  
The r e s u l t s  of an engine h e a t  soakback a n a l y s i s  con- 
ducted by JPL f o r  t h e  Viking O r b i t e r  were assumed t o  be a good 
estimate of t h e  h e a t  soakback f o r  Mission A 2  because of t h e  s i m i -  
l a r i t i es  i n  p r o p e l l a n t s ,  engine s i z e ,  and bu rn  p r o f i l e s .  The d a t a  
supp l i ed  by J P L  were i n  t h e  form of temperature  h i s t o r i e s  a t  t h e  
o u t l e t  f l a n g e  and bottom dome of t h e  p r o p e l l a n t  t a n k s ,  
y s i s  showed t h a t  t h e  only burn t h a t  r e s u l t e d  i n  a s i g n i f i c a n t  t e m -  
p e r a t u r e  rise w a s  t h e  o r b i t  i n s e r t i o n  burn.  This burn pe r iod  pro- 
duced a 60" temperature r ise  a t  the  o u t l e t  f l a n g e  and bottom t ank  
dome w i t h i n  100 minutes of t h e  completion of t h e  i n s e r t i o n  burn.  
This a n a l y s i s  i s  considered t o  b e  t tworst-caset '  s i n c e  i t  d i d  n o t  
consider  t h e  h e a t  capac i ty  of t h e  p r o p e l l a n t s  nor t h e  h e a t  of 
v a p o r i z a t i o n  absorbed by the  vapor i z ing  l i q u i d .  The h e a t  t r a n s f e r  
considered w a s  p r i m a r i l y  r a d i a t i o n  between engine and tanks.  Since 
t h e s e  d a t a  are very conse rva t ive ,  t he  a n a l y s i s  w a s  extended t o  
approximate t h e  temperature rise by inc lud ing  t h e  h e a t  c a p a c i t y  of 
t h e  p r o p e l l a n t s .  The temperature  rise w a s  ob ta ined  by t h e  follow- 
i n g  : 
The anal-  
r a 
+ m c  x 60" ( l i q u i d  
where m 
h a l f  of t h e  t o t a l  tank mass. For t h i s  assumed h e a t  ba l ance ,  t h e  
temperature r ise  w a s  c a l c u l a t e d  t o  b e  6.8".  
i n  t u r n ,  produced 0.6 lbm of N 2 O 4  v a p o r i z a t i o n .  
is t h e  mass of l i q u i d  i n  t h e  t r a p ,  and m wall i s  one l i q u i d  
This  temperature rise, 
A 6.8" temperature  r i s e  w i l l  n o t  produce any measurable 
thermal expansion of t h e  N2O4 o r  t he  MMH. 
MMH a t  t h e s e  temperatures i s  less than 1 p s i a  s o  t h a t  t h e  
v a p o r i z a t i o n  i s  n e g l i g i b l e .  
The vapor p r e s s u r e  of 
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Heating and/or Engine Heat Thermal 
Return to Equilibrium Soakback Expansion in Trap (lbm) 
3) Mission B - This  mission i s  c h a r a c t e r i z e d  by a mono- 
p r o p e l l a n t  ( n i t r a t e d  hydrazine)  system o p e r a t i n g  a t  approximately 
500"R. Unlike Missions A1 and A 2 ,  t h i s  mission does n o t  have one 
long burn where engine h e a t  soakback e f f e c t s  are s i g n i f i c a n t ,  
m a l  d a t a  i n  any form f o r  t h i s  mission are n o t  a v a i l a b l e .  
vironmental  c o n t r o l  system must supply h e a t  t o  t h e  tank t o  prevent  
t h e  p r o p e l l a n t  from f r e e z i n g ;  t h e r e f o r e ,  environmental  h e a t i n g  i s  












The assessment of engine h e a t  soakback e f f e c t s  i s  d i f -  
f i c u l t  s i n c e  d a t a  does no t  e x i s t .  However, s i n c e  n i t r a t e d  hydra- 
z i n e  has  a very low vapor p r e s s u r e  a t  t h e  ope ra t ing  temperature  
ranges and w i l l  behave i n  a manner s i m i l a r  t o  MMH, t h e  r e s u l t s  f o r  
MMH from Mission A2 can b e  e x t r a p o l a t e d .  The q u a l i t a t i v e  assess- 
ment would i n d i c a t e  n e g l i g i b l e  e f f e c t s  of engine h e a t  soakback on 






4 )  Summary - The s i z e  of t h e  p r o p e l l a n t  t r a p  was s e l e c t e d  
By keeping as much propel- t o  compensate f o r  t h e  thermal e f f e c t s .  
l a n t  as p o s s i b l e  i n  t h e  v i c i n i t y  of t h e  o u t l e t ,  a h e a t  s i n k  t h a t  
reduces t h e  e f f e c t  of engine h e a t  soakback is  provided. A t  t h e  
same t i m e ,  a s u r p l u s  of p r o p e l l a n t  i s  provided s o  t h a t  t h e  l o s s  
of some of t h e  l i q u i d  from t h e  t r a p  is  pe rmis s ib l e .  
Table IV-9 i s  a summary of t h e  r e s u l t s  of t h e ' t h e r m a l  
I n  t h e  r i g h t  column, t h e  amount of s u r p l u s  l i q u i d  t h a t  a n a l y s i s .  
w i l l  b e  i n  t h e  t r a p  i s  l i s t e d .  The performance of t h e  t r a p  i s  
evaluated on t h e  b a s i s  of how much of t h e  s u r p l u s  i s  l o s t  due t o  
t h e  thermal e f f e c t s .  I f  t h e  amount of l i q u i d  l o s t  exceeds t h e  
s u r p l u s ,  t h e r e  w i l l  n o t  be enough p r o p e l l a n t  t o  s tar t  t h e  engine 
and s e t t l e  t h e  p r o p e l l a n t s  f o r  a l l  of t h e  burns.  












Only t h e  two o x i d i z e r  tanks are a f f e c t e d  t o  any ex- 
t e n t  by t h e  thermal environment. According t o  t h i s  a n a l y s i s ,  7 .7  
l b  of OF;, and 1 .5  l b  of N 2 O 4  would b e  l o s t  from t h e i r  t r a p s .  
Both of t h e s e  l o s s e s  are much less than  t h e  s u r p l u s  a v a i l a b l e  i n  
the  t r a p ,  which creates an adequate margin of s a f e t y  f o r  every 
tank. 
m m 
Based on t h i s  a n a l y s i s ,  i t  appears t h a t  t h e  thermal 
environment would never b e  a problem t o  t h e  p r o p e l l a n t  t r a p  f o r  
t h i s  t ype  of mission and t h e s e  p r o p e l l a n t s .  Neve r the l e s s ,  a pro- 
p e l l a n t  t r a p  i s  s e n s i t i v e  t o  t h e  thermal environment. A s  more de- 
t a i l  becomes a v a i l a b l e  concerning t h e  a n t i c i p a t e d  thermal environ- 
ment, t h e  e v a l u a t i o n  of i t s  e f f e c t  on t h e  t r a p  can be r e f i n e d .  
One e f f e c t ,  which could have a s i g n i f i c a n t  impact, i s  
thermal c y c l i n g ,  I f  c y c l i c  v a r i a t i o n s  of t h e  l i q u i d  temperature 
on t h e  o rde r  of a few degrees  could occur ,  t h e  l i q u i d  would expand 
and c o n t r a c t  i n  phase wi th  t h e s e  c y c l e s .  A s  t h e  l i q u i d  expands, 
l i q u i d  would be fo rced  ou t  of t h e  t r a p .  I f  l i q u i d  were i n  c o n t a c t  
with t h e  c o v e r p l a t e ,  l i q u i d  would b e  r e tu rned  t o  t h e  t r a p  during 
the  c o n t r a c t i o n ;  if l i q u i d  were n o t  i n  c o n t a c t ,  gas  would b e  in-  
gested.  Even i f  t h e  volume change t h a t  occurred each c y c l e  w a s  
F i g u r e  IV-29 F i n s  Added t o  Coverp late 
s m a l l ,  t h e  e f f e c t  could b e  cumu- 
l a t i v e .  For a l a r g e  number of 
c y c l e s ,  l i q u i d  would b e  pumped 
out  of t h e  t r a p  due t o  t h i s  phe- 
nomena. I f  some l i q u i d  were k e p t  
i n  c o n t a c t  w i th  t h e  c o v e r p l a t e ,  
t h i s  e f f e c t  would be reduced t o  
j u s t  a flow of l i q u i d  i n  and o u t  
of t h e  t r a p .  Techniques used i n  
t h e  fol lowing s e c t i o n  f o r  t h e  
low-g dev ice  could be used w i t h  
t h e  t r a p  t o  provide a volume of 
l i q u i d  a t  t h e  cove rp la t e .  Fig- 
u r e  IV-29 shows one way t h i s  
could be done. The f i n s  are  
added on top of t h e  e x i s t i n g  
cove rp la t e .  Under low g ,  l i q u i d  
w i l l  c o l l e c t  i n  t h e  sha rp  co rne r s  
formed by t h e  f i n  and t h e  tank 
w a l l  
MCR- 70 -1 7 1 IV-55 
I f  t h e  t r a p  could be r e f i l l e d  during t h e  engine burns,  
some of t h e  e f f e c t  of t h e  thermal environment could b e  overcome. 
A l l  t h e  l i q u i d  would b e  r e tu rned  t o  t h e  t r a p  du r ing  t h e  burns.  
Then t h e  concern would be t h e  amount of l i q u i d  t h a t  could b e  l o s t  
i n  t h e  pe r iod  of t i m e  between any two burns ,  r a t h e r  than how much 
i s  l o s t  du r ing  t h e  e n t i r e  mission. 
b .  Mission P r o f i l e  
1) Missions A1  and A2 - I n  the b a s e l i n e  missions,  t h e  
du ra t ion  of t h e  midcourse c o r r e c t i o n  and o r b i t a l  t r i m  burns i s  t h e  
maximum a n t i c i p a t e d  d u r a t i o n .  An a c t u a l  c o r r e c t i o n  burn could 
range anywhere between t h e  minimum impulse b i t ,  t o  t h e  impulse 
s p e c i f i e d  f o r  t h a t  burn i n  t h e  b a s e l i n e  mission.  The minimum im-  
p u l s e  b i t  is  the  s h o r t e s t  du ra t ion  b u m  t h a t  can be accomplished 
by t h e  engine i n  conjunct ion wi th  t h e  guidance and c o n t r o l  system. 
The minimum impulse b i t  of 400 l b  -sec f o r  t h e s e  missions r e s u l t s  
i n  a 0.4-second d u r a t i o n  burn f o r  Mission A1 and a 1.33-second b u m  
f o r  Mission A,. 
f 
With r e s p e c t  t o  t h e  t r a p ,  t h a t  p o r t i o n  of t he  mission 
which i s  of t he  most concern i s  t h e  pe r iod  between t h e  end of t h e  
i n s e r t i o n  burn and t h e  end of t h e  mission. The design approach 
w a s  t o  r e t a i n  a l l  t h e  p r o p e l l a n t  remaining a f t e r  t h e  i n s e r t i o n  
burn i n  t h e  t r a p .  Of t h e  t o t a l  amount of p r o p e l l a n t  i n  t h e  t r a p ,  
a p o r t i o n  w a s  considered as s u r p l u s  (could b e  l o s t  from t h e  t r a p  
wi thou t  degrading t h e  c a p a b i l i t y  of t h e  system t o  accomplish t h e  
b u m s ) .  The t i m e  r equ i r ed  t o  s tar t  t h e  engine and se t t le  t h e  pro- 
p e l l a n t  determines t h e  s i z e  of t h e  s u r p l u s .  For the  amounts of 
p r o p e l l a n t  remaining a f t e r  t h e  o r b i t  i n s e r t i o n  burn,  t h e  s e t t l i n g  
t i m e  w a s  conse rva t ive ly  c a l c u l a t e d  as t h r e e  seconds f o r  Mission A1 
and s i x  seconds f o r  Mission A2. 
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The d u r a t i o n  of a minimum impulse b i t  b u m  i s  less 
I f  a minimum impulse b i t  burn i s  accom- than t h e  s e t t l i n g  t i m e .  
p l i s h e d ,  t h e  amount of s u r p l u s  p r o p e l l a n t  i n  t h e  t r a p  w i l l  be  
increased.  Whenever a burn i s  of s h o r t e r  d u r a t i o n  than t h a t  
s p e c i f i e d  i n  t h e  b a s e l i n e  mission,  t h e  t o t a l  p r o p e l l a n t  l oad  
would n o t  b e  consumed and the  unused p r o p e l l a n t  would remain i n  
t h e  t r a p .  Both of t h e s e  f a c t o r s  improve t h e  worst-case o p e r a t i n g  
cond i t ions .  More p r o p e l l a n t  w i l l  be  a v a i l a b l e  i n  t h e  t r a p  s o  t h e  
p r e s s u r e  l o s s e s  i n  t h e  annulus would b e  reduced. 
from t h e  t r a p  is  less of a problem s i n c e  t h e  s u r p l u s  w a s  i nc reased .  
Therefore ,  any r educ t ion  i n  t h e  burn d u r a t i o n  wi thou t  changing t h e  
number of burns w i l l  n o t  cause problems. 
Loss of l i q u i d  
To determine t h e  f l e x i b i l i t y  of t h e  p r o p e l l a n t  t r a p  
designed f o r  t h e  b a s i c  mission,  v a r i a t i o n s  i n  t h e  number and dura- 
t i o n  of t h e  o r b i t a l  t r i m  burns were considered,  The t o t a l  amount 
of p r o p e l l a n t  a v a i l a b l e  t o  accomplish t h e  o r b i t a l  t r i m  burns is  
assumed t o  remain t h e  same (changes i n  t o t a l  p r o p e l l a n t  load are 
not being considered)  .I 
Two f a c t o r s  l i m i t  t h e  number of burns t h e  t r a p  is  ca- 
pab le  of providing.  The f i r s t  i s  t h e  e f f e c t  of t h e  thermal environ- 
ment. There must b e  some way of providing f o r  t h e  l o s s  of l i q u i d  
from t h e  t r a p  due t o  thermal e f f e c t s .  A s  d i scussed  i n  t h e  previous 
s e c t i o n ,  t h e  l o s s  can b e  provided f o r  by having more l i q u i d  i n  t h e  
t r a p  than is  requ i r ed  t o  s ta r t  and se t t le  f o r  each burn.  This ap- 
p l i e s  only i f  t h e  burn d u r a t i o n  i s  g r e a t e r  t han  t h e  se t t le  t i m e .  
For example, consider  t h e  Mission A1 o x i d i z e r  tank 
where t h e  amount of p r o p e l l a n t  a v a i l a b l e  f o r  o r b i t a l  t r i m  burns 
is  30.78 l b  Since i t  r e q u i r e s  t h r e e  seconds t o  se t t le  p r o p e l l a n t  
l o c a t e d  o u t s i d e  t h e  t r a p ,  5 .77  l b  of p r o p e l l a n t  would b e  consumed m 
during s e t t l i n g .  With t h e  t h r e e  burns of t h e  b a s e l i n e  mission,  
each of approximately f i v e  seconds d u r a t i o n ,  t h e r e  would b e  a su r -  
p l u s  of 13.45 lbm of p r o p e l l a n t  t h a t  could b e  l o s t  from t h e  t r a p .  
I f  f i v e  burns of t h r e e  seconds d u r a t i o n ,  and consuming t h e  same 
amount of p r o p e l l a n t  were d e s i r e d ,  t h e  s u r p l u s  would only b e  about 
2 lbm of p r o p e l l a n t ;  however, t h i s  i s  n o t  enough t o  provide f o r  
t he  l o s s  of l i q u i d  from t h e  t r a p  due t o  thermal e f f e c t s ,  The t r a p  
is  l i m i t e d  as f a r  as how many equa l  d u r a t i o n  burns can be provided 
i f  a l l  t h e  p r o p e l l a n t  must b e  consumed. The l i m i t s  are f o u r  burns 
of approximately t h r e e  seconds d u r a t i o n  f o r  Mission A1 and e i g h t  
burns of approximately s i x  seconds d u r a t i o n  f o r  Mission A2.  
m 
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Another approach, which would provide a l a r g e r  number 
of bu rns ,  could b e  taken.  Consider t h e  O F 2  t ank  aga in .  According 
t o  t h e  thermal a n a l y s i s  , 7 . 7  l b  of O F 2  would b e  l o s t  from t h e  m 
t r a p ,  l eav ing  23 l b  i n  t h e  t r a p .  Any d u r a t i o n  and number of burns 
t h a t  w i l l  consume 23 l b  of p r o p e l l a n t  could b e  accomplished. For 
example, 20 burns of 0.6 second d u r a t i o n  could b e  accomplished. 
But now t h e  expu l s ion  e f f i c i e n c y  would b e  reduced t o  98.6% because 
t h e  7 .7  l b  l o s t  from t h e  t r a p  could n o t  be burned. Since only 
1.5 l b  of N 2 O 4  would b e  l o s t  from t h e  t r a p ,  t h e  e f f e c t  on t h e  ex- 





The second f a c t o r  t h a t  l i m i t s  t h e  f l e x i b i l i t y  of t h e  
t r a p  i s  t h e  d u r a t i o n  of t h e  las t  burn.  A s  explained i n  t h e  analy- 
s is  of t h e  annulus under low g, t h e  las t  burn e s t a b l i s h e s  t h e  worst-  
case cond i t ion  f o r  t h e  p r e s s u r e  l o s s e s  i n  t h e  annulus .  A s  t h e  
amount of p r o p e l l a n t  remaining f o r  t h e  l as t  bu rn  i s  decreased,  t h e  
p r e s s u r e  l o s s e s  under t h e  worst-case c o n d i t i o n  are inc reased .  
Using t h e  cr i ter ia  f o r  t h e  worst-case c o n d i t i o n ,  t h e  
las t  burn f o r  Mission A 1  must b e  a t  least  1,8 seconds i n  d u r a t i o h .  
I f  t h e  d u r a t i o n  w a s  s h o r t e r ,  t h e  amount of p r o p e l l a n t  i n  t h e  t r a p  
would b e  less and t h e  magnitude of t h e  p r e s s u r e  l o s s e s  would cause 
breakdown of t h e  annulus.  The p r e s s u r e  l o s s  due t o  t h e  flow through 
t h e  Dutch t w i l l  s c r e e n  causes t h e  p r e s s u r e  l o s s e s  t o  b e  l a r g e .  I f  
a s h o r t e r  l as t  burn w a s  r e q u i r e d ,  t h e  amount of p r o p e l l a n t  needed 
f o r  a 1.8-second burn  would s t i l l  have t o  b e  provided. Only p a r t  
of t h e  remaining p r o p e l l a n t  would b e  consumed, s o  t h e  expu l s ion  
e f f i c i e n c y  would b e  decreased.  
For Mission A2 t h e  last  burn could b e  as small as t h e  
minimum impulse b i t .  I n  t h i s  case none of t h e  p r e s s u r e  losses are 
excess ive  under low g.  With t h i s  s m a l l  a bu rn ,  t h e  expu l s ion  e f -  
f i c i e n c y  must e n t e r  t h e  c o n s i d e r a t i o n  of whether t h e  l a s t  bu rn  
could b e  accomplished. About 3.7 l b  of N 2 0 4  and 2 .2  l b  of MMH 
are r e q u i r e d  t o  f i l l  t h e  annulus and i t  is  expected t h a t  t h i s  re- 
mainder cannot b e  expe l l ed  from t h e  t r a p .  A minimum impu l se  b i t  
burn consumes 0.54  l bm of MMH and 0.78 lbm of N 2 0 4 .  
t h e  4% margin added t o  t h e  p r o p e l l a n t  l oad  22.5 l b  MMH and 34.8 
lbm N 2 O 4  ) should provide enough p r o p e l l a n t  t o  a l low f o r  t h e  expul- 
s i o n  e f f i c i e n c y ,  e s p e c i a l l y  i f  i t  can b e  shown t h a t  t h e  t y p i c a l  
v a r i a t i o n  i n  p r o p e l l a n t  consumption i s  less t h a n  4%.  
m m 
It seems t h a t  
( m 
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2) Mission B - The c h a r a c t e r i s t i c s  of t h i s  mission are 
much d i f f e r e n t  t han  those  of Missions A1 and A,. 
accomplished i n  t h e  b a s i c  mission.  
f o r  each of t h e s e  burns w i l l  f a l l  somewhere between an a n t i c i p a t e d  
minimum and maximum. It w a s  assumed t h a t  t h e  maximum v e l o c i t y  in -  
crement would b e  r equ i r ed  f o r  a l l  of t h e  burns when t h e  s i z e  of t h e  
p r o p e l l a n t  load w a s  determined. 
Nine burns are 
The v e l o c i t y  increment r e q u i r e d  
A minimum impulse b i t  of 1.0 l b  -sec is  s p e c i f i e d  f o r  
This  would r e q u i r e  a 0.04-second burn  and 0.004 l b  
f 
t h i s  mission.  m 
of p r o p e l l a n t  would b e  consumed. 
seconds t o  se t t le  t h e  p r o p e l l a n t  f o r  t h i s  mi s s ion ,  depending upon 
how much p r o p e l l a n t  i s  remaining i n  t h e  tanks.  
It r e q u i r e s  between f i v e  and s i x  
I f  a d d i t i o n a l  burns were t o  b e  added, t h e  s i z e  of t h e  
t r a p  would have t o  b e  changed. For t h i s  mi s s ion ,  t h e  e f f e c t  of 
t h e  thermal  environment on t h e  t r a p  w a s  concluded t o  be n e g l i g i b l e .  
Therefore ,  t h e  s i z e  of t h e  t r a p  is  determined only by t h e  amount 
of p r o p e l l a n t  r equ i r ed  t o  s t a r t  t h e  engine and se t t le  t h e  propel-  
l a n t  f o r  each burn.  I f  t h e  d u r a t i o n  of t h e  a d d i t i o n a l  burn w a s  
less than  s i x  seconds,  t h e  t o t a l  amount of p r o p e l l a n t  must b e  added 
t o  t h e  t r a p .  I f  t h e  d u r a t i o n  is  g r e a t e r  t han  s i x  seconds,  t h e  in -  
crease would b e  t h e  amount of p r o p e l l a n t  r equ i r ed  t o  s t a r t  and 
set t le .  
The worst-case c o n d i t i o n  a t  t h e  start  of t h e  las t  bu rn  
i s  a l s o  a c o n s i d e r a t i o n  when v a r i a t i o n s  t o  Mission B are considered.  
A l l  of t h e  p r e s s u r e  l o s s e s  are  very s m a l l  under low-g c o n d i t i o n s ,  
s o  t h e o r e t i c a l l y  a minimum impulse bu rn  could b e  t h e  l as t  burn.  
The amount of p r o p e l l a n t  r equ i r ed  f o r  t h i s  burn 
very small compared t o  t h e  1.05 l b  p r o p e l l a n t  t h a t  would remain 
i n  t h e  tank due t o  t h e  expuls ion e f f i c i e n c y .  A l l  of t h e  burns w i l l  
not  a c t u a l l y  b e  t h e  maximum v e l o c i t y  increment,  s o  t h e r e  should be 
a s i z a b l e  amount of p r o p e l l a n t  ( i n  comparison t o  t h a t  r equ i r ed  f o r  
a minimum impulse b i t )  remaining i n  t h e  tank.  
( O * O o 4  l b m )  is 
m 
c ,  V a r i a t i o n s  i n  P r o p e l l a n t  P r o p e r t i e s  - Another f a c t o r  t h a t  
remains t o  be considered i s  t h e  e f f e c t  of t h e  v a r i a t i o n  i n  t h e  
p r o p e r t i e s  of t h e  p r o p e l l a n t s .  Su r face  t e n s i o n  and d e n s i t y  are 
t h e  p r o p e r t i e s  which most a f f e c t  t h e  design of a s u r f a c e  t e n s i o n  
device.  The e f f e c t  of t h e s e  p r o p e r t i e s  can b e s t  b e  evaluated i n  
terms of kinematic  s u r f a c e  t e n s i o n g  which is  t h e  r a t i o  of s u r f a c e  
t ens ion  t o  d e n s i t y .  Since t h e  r e t e n t i o n  c a p a b i l i t y  of t h e  s c r e e n  
is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s u r f a c e  t e n s i o n  and, t h e  p r e s s u r e  
l o s s e s  i n  t h e  annulus are d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d e n s i t y ,  i t  
i s  t h e  smallest kinematic  s u r f a c e  t e n s i o n  t h a t  i s  of concern. 
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The e f f e c t  of t h e  v a r i a t i o n  i n  t h e  p r o p e r t i e s  could b e  
evaluated as p a r t  of t h e  1-g tes t ,  b u t  t hose  e f f e c t s  w i l l  n o t  b e  
considered h e r e .  The c r i t e r i a  e s t a b l i s h e d  were f o r  a test accom- 
p l i s h e d  a t  t h e  nominal temperature.  During t h e  mission,  t h e  t e m -  
p e r a t u r e  can va ry  above and below t h e  nominal v a l u e ,  causing a 
v a r i a t i o n  i n  p r o p e l l a n t  p r o p e r t i e s .  The v a l u e s  of t h e  s u r f a c e  ten- 
s i o n  and d e n s i t y  are l i s t e d  f o r  upper and lower temperature l i m i t s  
i n  Table 11-6. The minimum kinematic  s u r f a c e  Eension occurs  a t  the  
maximum p r o p e l l a n t  temperature.  When t h e  des igns  w e r e  analyzed f o r  
t h e  low-g cond i t ion ,  i t  w a s  u s u a l l y  found t h a t  t h e  t r a p  w a s  ex- 
tremely over-designed because of t h e  1-g test requirement.  The 
annulus of t h e  Mission A1 o x i d i z e r  tank w a s  t h e  only excep t ion ,  s o  
i t  w a s  r eeva lua ted  f o r  t h e  worst-case l i q u i d  p rope r ty  va lues .  
Based on t h e  cri teria f o r  Mission A I ,  t h e  minimum kinematic  
s u r f a c e  t e n s i o n  of OF2 occurs  a t  280'R. The p r e s s u r e  l o s s e s  i n  t h e  
annulus and t h e  r e t e n t i o n  c a p a b i l i t y  of t h e  s c r e e n  were r eeva lua ted  
a t  t h a t  temperature.  It  w a s  found t h a t  t h e  s c r e e n  s t i l l  would pro- 
v ide  adequate  r e t e n t i o n  under t h e  worst-case flow cond i t ion .  
f o r e ,  t h e  v a r i a t i o n  i n  p r o p e r t i e s  w i l l  n o t  adve r se ly  a f f e c t  any of 
t h e  designs.  
There- 
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V. PROPELLANT ACOUISITION SYSTEM - LOW-G DESIGN 
v-1 
, 
The Martin Marietta s u r f a c e  
t ens ion  concept ( t h e  Fruhof) con- 
sists simply of an u l l a g e  s tand-  
o f f  p o s t  l o c a t e d  over  t h e  tank 
o u t l e t ,  and connected t o  commu- 
n i c a t i o n  channels c i r c l i n g  t h e  
tank w a l l  (Fig.  V - 1 ) .  This  chap- 
t e r  d e s c r i b e s  t h e  concept,  f a b r i -  
c a t i o n  and assembly considera- 
t i o n s ,  and i t s  o p e r a t i o n a l  per- 
formance f o r  Missions A l ,  A 2 ,  and 
B.  
A .  CONCEPT 
A r a t h e r  s t r i n g e n t  design 
requirement,  imposed on t h e  cap- 
i l l a r y  devices  p re sen ted  i n  t h e  
Figure V - 1  The Fruhof, a Low-g previous chap te r  , w a s  t h a t  l i q -  
u id  expu l s ion  be demonstrated on 
Earth wi th  t h e  tank he ld  upside 
down. This requirement i s  con- 
Propel 1 a n t  Acquisit ion Concept 
s i d e r e d  s t r i n g e n t  s i n c e  t h e  primary o b j e c t i v e  of t h e  p r o p e l l a n t  
a c q u i s i t i o n  system f o r  Missions A I ,  A2,  and B i s  t o  a c q u i r e  and 
hold s u f f i c i e n t  l i q u i d  p r o p e l l a n t  over t h e  tank o u t l e t  p r i o r  t o  
main engine burns i n  t h e  low-g environment. The accep tab le  design 
provides  gas-free p r o p e l l a n t  t o  t h e  engine by prevent ing gas  in -  
g e s t i o n  i n t o  t h e  f eed  l i n e  u n t i l  t h e  p r o p e l l a n t  tank i s  n e a r l y  
dep le t ed  e 
Removal of t h e  1-g test requirement e l i m i n a t e s  t h e  need f o r  
fine-mesh c a p i l l a r y  devices .  The use of s u r f a c e  t e n s i o n  t o  sta- 
b i l i z e  a l i q u i d / v a p o r  i n t e r f a c e  i n  Ea r th  g r e q u i r e s  t h a t  t h e  r a d i u s  
of cu rva tu re  of t h a t  i n t e r f a c e  be exceedingly s m a l l  (micronic) .  
Fine mesh sc reen  serves t h i s  f u n c t i o n  w e l l ,  as proven by sc reen  
t r a p  and l i n e r  tes ts  (Ref V - 1 ) .  The use of s u r f a c e  t ens ion  t o  
s t a b i l i z e  a l i q u i d / v a p o r  i n t e r f a c e  i n  low g ,  r e q u i r e s  t h a t  t h e  
r a d i u s  of cu rva tu re  of t h e  i n t e r f a c e  be smaller a t  t h e  d e s i r e d  
place than a t  any o t h e r  l o c a t i o n  i n s i d e  t h e  tank. This  i s  d i s -  
cussed f u r t h e r  i n  t h i s  s e c t i o n .  
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One p h y s i c a l  d e s c r i p t i o n  of t h e  e f f e c t  of s u r f a c e  t ens ion  i s  
based on p r e s s u r e .  
i s  less than  t h e  u l l a g e  (gas) p r e s s u r e  by t h e  amount of t h e  f r e e -  
s u r f a c e  membrane stress, 
The l i q u i d  p r e s s u r e  a t  a curved, f r e e  s u r f a c e ,  
where 
R1 and R2 = p r i n c i p a l  r a d i i  of cu rva tu re  of t h e  s u r f a c e ;  
IS = l i q u i d / g a s  s u r f a c e  t e n s i o n  (Ref V-2). 
The s t a t i c  equ i l ib r ium cond i t ion  i n  zero g r e q u i r e s  t h a t  p r e s s u r e  
be uniform throughout connected l i q u i d  r eg ions .  A t  equ i l ib r ium,  
t h e  two p r i n c i p a l  r a d i i  of c u r v a t u r e  are such t h a t  1 / R 1  and 1 / R 2  add 
t o  t h e  s a m e  va lue  everywhere on t h e  f r e e  s u r f a c e .  I n  a nonequi- 
l i b r i u m  s t a t e ,  any p r e s s u r e  g r a d i e n t  w i l l  cause l i q u i d  flow t o  t h e  
low p r e s s u r e  region.  Therefore ,  l i q u i d  w i l l  tend t o  flow and 
o r i e n t  i t s e l f  i n s i d e  a tank where t h e  r a d i u s  of cu rva tu re  i s  min- 
imum a 
The l i q u i d / s o l i d  c o n t a c t  ang le  i s  ano the r  p h y s i c a l  c o n s t r a i n t  
i n  t h e  design of s u r f a c e  t ens ion  systems. It determines t h e  e f -  
f e c t s  of tank and i n t e r n a l  hardware c o n f i g u r a t i o n s  on t h e  s ta t ic  
i n t e r f a c e  shapes.  The c o n t a c t  l i n e  i s  formed by t h e  locus  of t h e  
i n t e r s e c t i o n  between t h e  f r e e  and r i g i d  boundaries  of t h e  confined 
l i q u i d .  For example, t h e  con tac t  l i n e  f o r  a l i q u i d  wi th  an axisym- 
m e t r i c  f r e e  s u r f a c e  i n s i d e  an axisymmetric c o n t a i n e r  is  a c i rc le .  
The c o n t a c t  ang le  i s  t h e  ang le  between two s t r a i g h t  l i n e s  drawn 
normal t o  the  con tac t  l i n e ,  one tangent  t o  t h e  f r e e  s u r f a c e  and 
t h e  o t h e r  tangent  t o  t h e  r i g i d  s u r f a c e  a t  a p o i n t  on t h e  con tac t  
l i n e  (Fig.  V-2). 
The e q u i l i b r i u m  con tac t  ang le  i s  a p h y s i c a l  p rope r ty  of t h e  
p a r t i c u l a r  l i q u i d ,  vapors  and s o l i d  subs t ances  (Ref V-3). I f  t h e  
substances are uniform throughout t h e  i n s i d e  of t h e  tank,  then t h e  
con tac t  ang le  must be uniform wherever t h e  l i q u i d  i s  p o s i t i o n e d ,  
( I n  c o n t r a s t p  contaminants can i n t r o d u c e  l o c a l  v a r i a t i o n s  i n  t h e  
equ i l ib r ium c o n t a c t  ang le . )  
i r r egu la r ly - shaped  s o l i d  s u r f a c e ,  t h e n  t h e r e  g e n e r a l l y  must be 
cons ide rab le  d i s t o r t i o n  of t h e  f r e e  s u r f a c e  shape t o  s a t i s f y  t h e  
con tac t  ang le  cond i t ion .  The low p r e s s u r e  r eg ions  i n  t h e  l i q u i d  
c r e a t e d  by the  s u r f a c e  d i s t o r t i o n s  cause flow t h a t  must move t h e  
con tac t  l i n e  u n t i l  both uniform c o n t a c t  a n g l e  and s u r f a c e  curva- 
t u r e  are achieved. This can be somewhat complicated by t h e  
I f  a c o n t a c t  l i n e  i s  l o c a t e d  on an  
MCR- 7 0- 1 7 1 v-3 
e f f e c t s  of t h e  nonequilibrium con tac t  angle .  Liquids  wi th  non- 
zero equ i l ib r ium c o n t a c t  ang le s  tend t o  e x h i b i t  a l a r g e r  ang le  
when advancing on a dry s u r f a c e ,  and a smaller ang le  when reced- 
ing .  This range of p o s s i b l e  ang le s  may p e r s i s t  f o r  days, s ince  
t h e  nonequi l ibr ium e f f e c t s  may d i s s i p a t e  ve ry  s lowly,  p a r t i c u l a r l y  
f o r  ang le s  g r e a t e r  than 20" (Ref V - 4 ) .  I f  p o s s i b l e ,  l a r g e  con- 
tact  angle  cond i t ions  are t o  be avoided because of t h e  i n h e r e n t l y  
long t i m e s  r equ i r ed  f o r  equ i l ib r ium o r i e n t a t i o n ,  p a r t i c u l a r l y  i n  
t h e  v i c i n i t y  of i r r egu la r ly - shaped  s o l i d  s u r f a c e s ,  
Liquid Free 
Surface 
Figure V-2 Geometric Description o f  Contact Angle 
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The s t r e n g t h  of t h e  s u r f a c e  t e n s i o n  p o s i t i o n i n g  f o r c e s  is  pro- 
p o r t i o n a l  t o  t h e  cos ine  of t h e  c o n t a c t  ang le  (Ref V - 5 ) .  Therefore ,  
f l u i d  w i t h  a con tac t  a n g l e  of 20" has  only about 6% less o r i e n t a -  
t i o n  c a p a b i l i t y  than a f l u i d  w i t h  a c o n t a c t  ang le  of zero.  The 
va lue  of t h e  con tac t  a n g l e  f o r  t h e  p r o p e l l a n t s  considered f o r  M i s -  
s i o n s  A I ,  A 2 ,  and B depends p r i m a r i l y  on t h e  l i q u i d  s u r f a c e  t e n s i o n  
and the  s o l i d  boundary s u r f a c e  energy. S o l i d  s u r f a c e  energy can 
be expressed as a ' ' c r i t i ca l  s u r f a c e  tension" (Ref V - 6 ) .  I f  t h e  
l i q u i d  s u r f a c e  t e n s i o n  i s  less than t h e  c r i t i c a l  v a l u e ,  t h e  con- 
t a c t  ang le  is  zero.  I f  t h e  s u r f a c e  t e n s i o n  i s  g r e a t e r  than t h e  
c r i t i c a l  va lue ,  t h e  cos ine  of t h e  c o n t a c t  ang le  i s  approximately 
l i n e a r l y  proport ioned t o  t h e  d i f f e r e n c e  between t h e  l i q u i d  and t h e  
c r i t i c a l  s u r f a c e  t ens ions .  Clean metal s u r f a c e s  have very h igh  
c r i t i c a l  s u r f a c e  t ens ions  and nonmetal l ic  l i q u i d s  completely w e t  
them. However, maintaining a thoroughly c l ean  metal s u r f a c e  re- 
q u i r e s  c a r e .  Most monolayer contaminant f i l m s  (except f luo ro -  
carbons) have c r i t i c a l  s u r f a c e  t e n s i o n s  between 20 and 45 dynes/cm 
(Ref V-7) .  It i s  important ,  t h e r e f o r e ,  t o  guarantee c a r e f u l  clean- 
i n g  procedures i n  o r d e r  t o  keep con tac t  ang le  t o  a minimum. A 
study has shown t h a t  w i t h  s t anda rd  s p a c e c r a f t  tankage c l ean ing  
procedures,  expected contaminants such as stearic and o l e i c  a c i d s  
do n o t  s i g n i f i c a n t l y  raise t h e  con tac t  ang le  of l i q u i d  p r o p e l l a n t s  
(Ref V-8) .  
Using s u r f a c e  t e n s i o n  phenomena and t h e  c o n s t r a i n t  of consid- 
e r i n g  only s p h e r i c a l  tankage, t h e  design approach w a s  t o  add a 
minimum of i n t e r n a l  hardware such t h a t  i t s  shape and l o c a t i o n  
would p o s i t i o n  t h e  l i qu id /vapor  i n t e r f a c e  (or  free s u r f a c e )  away 
from t h e  tank o u t l e t  w i t h  l i q u i d  a t  t h e  o u t l e t .  Since t h e  s u r f a c e  
t ens ion  e f f e c t  i s  e s s e n t i a l l y  t h a t  of a membrane stress, and s i n c e  
the  l i q u i d  p r o p e l l a n t s  i n  t h i s  s tudy are we t t ing  o r  n e a r l y  w e t t i n g  
( con tac t  ang le  zero t o  2" ) ,  w e  may cons ide r  t h a t  t h e  l i qu id /vapor  
i n t e r f a c e  a c t s  somewhat l i k e  a ba l loon  wi th  gas on t h e  i n s i d e  and 
l i q u i d  on t h e  ou t s ide .  Using t h i s  analogy, one can v i s u a l i z e  t h a t  
a s i n g l e ,  s t r a i g h t  rod l o c a t e d  a t  t h e  tank o u t l e t  w i l l  tend t o  
hold t h e  u l l a g e  bubble (except f o r  s m a l l  u l l a g e  volumes) away 
from t h e  o u t l e t  i n  zero g.  
The u l l a g e  s t andof f  p o s t  (or  p i l l a r )  creates a region where 
t h e  l i q u i d  f r e e  s u r f a c e  a t  equ i l ib r ium must be curved more s h a r p l y  
than f o r  regions away from t h e  p o s t .  A s  mentioned ear l ier ,  t h e  
g r e a t e r  t h e  cu rva tu re  t h e  lower t h e  l i q u i d  p r e s s u r e .  Therefore ,  
i f ,  under dynamic cond i t ions ,  t h e  f r e e  s u r f a c e  moves down along 
t h e  p i l l a r  and p o s i t i o n s  i t s e l f  over t h e  o u t l e t ,  l i q u i d  w i l l  f low 
i n t o  t h i s  lower p r e s s u r e  r eg ion  ( c rea t ed  nea r  t h e  o u t l e t )  pushing 
t h e  s u r f a c e  away from t h e  o u t l e t .  I n  t h i s  manner, t h e  s imple p o s t  
guarantees  l i q u i d  a t  t h e  o u t l e t  i n  zero g .  
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The p o s t  geometry f a c t o r s  ( h e i g h t ,  diameter ,  and t a p e r )  are 
design choices .  The primary c o n s i d e r a t i o n  is  t h e  amount of 
l i q u i d  t h a t  must be he ld  over t h e  o u t l e t  f o r  restart. A 50% 
l i q u i d  load can be he ld  w i t h  a p o s t  h e i g h t  e q u a l  t o  0.21 t i m e s  
t h e  sphere diameter .  
A second c o n s i d e r a t i o n  i s  t h e  c o n t r o l  of t h e  l i q u i d  cen te r -  
of-mass f o r  guidance and c o n t r o l .  The p o s t  e s t a b l i s h e s  a pre- 
f e r r e d  l o c a t i o n  f o r  t h e  p r o p e l l a n t  if t h e r e  i s  s u f f i c i e n t  u l l a g e  
volume. A p o s t  h e i g h t  equa l  t o  0.5 t i m e s  t h e  sphere diameter 
c o n t r o l s  t h e  l i q u i d  l o c a t i o n  up t o  an 87.5% load .  S m a l l e r  u l l a g e  
bubbles may d r i f t  about w i t h i n  a l i m i t e d  r eg ion  i n s i d e  t h e  tank; 
t h e  smaller t h e  bubble,  t h e  l a r g e r  t h e  r eg ion  f o r  movement. How- 
ever, t h e  s m a l l  amount of m a s s  movement wi th  t h e s e  s m a l l  u l l a g e s  
i s  probably n e g l i g i b l e .  
For Missions A1 and A 2 ,  t h e  u l l a g e  volume a t  t h e  o r b i t  i n -  
s e r t i o n  burn w i l l  be about 10% of t h e  tank volume. It w a s  as- 
sumed t h a t  movement of t h i s  volume has  a s m a l l  e f f e c t  on t h e  
v e h i c l e  c o n t r o l  system (Ref V-18). Thus, no at tempt  w a s  made t o  
c o n t r o l  t h e  l o c a t i o n  of a l o % ,  o r  less, u l l a g e  bubble,  except  t o  
keep i t  from s i t t i n g  d i r e c t l y  over t h e  tank o u t l e t .  A f t e r  t h e  
o r b i t  i n s e r t i o n  burn,  t h e  remaining l i q u i d  p r o p e l l a n t  i s  about  
5% of t h e  tank volume and w i l l  be  l o c a t e d  over  t h e  o u t l e t .  
Mission B w i t h  a blowdown p r e s s u r i z a t i o n  system has a n  i n i -  
t i a l  l i q u i d  load  of about 50%. I n  t h e  nea r  zero-g environment 
of i n t e r p l a n e t a r y  space,  t h e  s p h e r i c a l  u l l a g e  bubble i s  h e l d  
away from t h e  o u t l e t  i n  a f i x e d  axisymmetric p o s i t i o n  by a 
p o s t  h e i g h t  0 . 2 1  t i m e s  t h e  sphere diameter .  The p o s t  h e i g h t  re- 
q u i r e d  t o  hold a s p h e r i c a l  bubble i n  p l a c e  i n  a s p h e r i c a l  tank 
i s  governed by t h e  simple geometr ic  r e l a t i o n :  
' 1 / 3  
('ullage/ 'tank) ' H / D  = 1 - 
where H = p o s t  h e i g h t ,  D = tank diameter ,  V = volume. 
The diameter of t h e  p o s t  d i r e c t l y  a f f e c t s  t he  s u r f a c e  t e n s i o n  
holding power of t h e  p o s t .  Liquid p r e s s u r e  a t  t h e  p o s t  i s  less 
than t h e  u l l a g e  p r e s s u r e  by an amount equa l  t o  t h e  product of sur-  
f a c e  t e n s i o n  and t h e  sum of t h e  two p r i n c i p a l  r a d i i  of cu rva tu re  
f o r  t h e  f r e e  s u r f a c e  (Eq [ V - 1 1 ) .  A t  t h e  p o s t ,  t h e  second p r in -  
c i p a l  r a d i u s  of cu rva tu re  ( i e e e ,  t h e  i n v e r s e  of cu rva tu re )  i s  
n e g a t i v e  and i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p o s t  diameter ;  t hus ,  
[V-2 1 
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t h e  l a r g e r  t h e  p o s t  diameter ,  t h e  g r e a t e r  i s  t h e  s u r f a c e  t ens ion  
e f f e c t .  Tapering t h e  p o s t  achieves t h i s  l a r g e r  diameter f o r  
l a r g e r  amounts of l i q u i d  while  holding s m a l l  r e s i d u a l  p r o p e l l a n t  
q u a n t i t i e s  more c l o s e l y  over the 
10% Ul lage Bubble 
5% Ul lage Bubble 
nstant V e l o c i t y  
F i gu re  V-3 Spher ica l  Tank w i t h  U l l a g e  
Standof f  Post, Showing C loses t  
Approach o f  an U l l a g e  Bubble t o  t he  
Tank O u t l e t  
o u t l e t .  
The presence of t he  pos t  de- 
v i c e  a lso p reven t s  s m a l l  u l l a g e  
bubbles from s i t t i n g  d i r e c t l y  
over t h e  o u t l e t  (Fig.  V-3) .  The 
probable s t a t i c  p o s i t i o n s  t h a t  
var ious-s ized bubbles (5 and 10% 
u l l a g e  volumes) can a t t a i n  nea r  
t h e  o u t l e t  are p i c t u r e d .  The 
proximity of a given-sized u l l a g e  
bubble t o  t h e  o u t l e t  a t  which 
i n g e s t i o n  may occur  a t  engine 
s tar t  can be e s t ima ted  as fo l lows .  
Assume t h a t  t h e  bubble v e l o c i t y  
toQard t h e  o u t l e t  a t  s t a r t u p  i s  
the  volume f l o w r a t e  divided by 
the  s u r f a c e  area of t he  s p h e r i c a l -  
s h e l l  shown by a broken l i n e  i n  
Figure V-3. Fu r the r  assume t h a t  
engine s t a r t u p  t i m e  i s  200 m i l l i -  
seconds. A simple c a l c u l a t i o n  
w i l l  t hen  show t h a t  a 5% u l l a g e  
bubble tends t o  move less than 
5% of i t s  d i s t a n c e  t o  t h e  o u t l e t  
be fo re  t h e  buoyant f o r c e  r e s u l t -  
i n g  from t h e  engine t h r u s t  s tar ts  
t o  move t h e  bubble toward the  top 
of t h e  tank (away from t h e  o u t l e t ) .  This i s  t h e  case f o r  e i t h e r  
Mission A 1  o r  A z . *  This  estimate i n d i c a t e s  t h a t  t h e  s tandoff  
p o s t  w i l l  prevent  any r e l a t i v e l y  s m a l l  u l l a g e  volumes from being 
inges t ed  during engine s t a r t u p .  
A s  t h e  u l l a g e  volume grows wi th  l i q u i d  outf low,  t h e  bubble su r -  
f a c e  w i l l  e v e n t u a l l y  con tac t  t h e  p o s t .  
t he  tank r a d i u s ,  t h i s  w i l l  occur  a t  u l l a g e  volumes g r e a t e r  than 
about 12.5% of t h e  tank volume f o r  t h e  A Missions ( f o r  s h o r t e r  
p o s t s ,  t h i s  con tac t  w i l l  occur a t  l a r g e r  u l l a g e  volumes). When 
t h e  f r e e  s u r f a c e  c o n t a c t s  t h e  p o s t  and grows down along t h e  p o s t  
i t  d i s t o r t s  t o  s a t i s f y  con tac t  angle .  A balance between t h e  two 
p r i n c i p a l  r a d i i  of cu rva tu re  ( t o  c r e a t e  a uniform p r e s s u r e  through- 
ou t  t he  l i q u i d )  i s  p o s s i b l e  only if t h e  free s u r f a c e  i s  axisymmetric 
I f  t h e  p o s t  he igh t  equa l s  
aMission B has  an i n i t i a l  u l l a g e  volume of 50%. 
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about the axisymmetric post. Any asymmetry in the surface shape 
will tend to be eliminated by liquid flow to the liquid regions of 
lower pressure. Thus, an added feature of the Fruhof design is 
that liquid can be held axisymmetric in zero g with a predictable 
center-of-mass for ullage volumes in excess of 12.5%. This is 
also true for very low liquid volumes (which tends to ensure the 
desired expulsion efficiency of 99.5%, or more). 
Two approaches were taken to verify the Fruhof concept: a 
numerical calculation of the static-equilibrium interface shape, 
as influenced by the presence of the post; and an experimental 
demonstration of the zero-g interface shape using the Martin Mari- 
etta drop tower facility. 
The analysis is a solution of the surface tension equation 
(Eq [ V - 1 1 ) .  In cylindrical coordinates, the axisymmetric free 
surface may be described by the surface height as a function of 
radius, Z = n(r). The surface curvature is then (Ref V - 9 ) :  
The curvature may be expressed in a general coordinate system 
through the use of surface tensors (Ref V - 1 0 )  or vectors (Ref 
V - 1 1 ) .  
as : 
The liquid pressure in an axial gravity field is expressed 
PL = Po - pan 
Thus, the surface tension equation can be written as a second 
order, nonlinear, ordinary differential equation for the free 
surface height as a function of radius: 
Nondimensionalizing r and n by division by the tank radius R allows 
Equation [ V - 5 1  to be expressed as 
-  BO^ = b 
where 
Bo = paR2/a, the Bond number (Ref V - 1 2 ) ;  
= (PG - PO) e R / a ,  an unknown constant. 
[V-41  
[v-5 1 
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Equation [V-6] is  t h e  Young-Laplace equa t ion  (Ref V-9 and V-13). 
The con tac t  ang le  a t  t h e  p o s t  and tank w a l l  and t h e  l i q u i d  
volume are t h e  t h r e e  boundary cond i t ions  needed t o  uniquely d e f i n e  
t h e  f r e e  s u r f a c e  p o s i t i o n  and shape. The second o r d e r  d i f f e r e n t i a l  
equat ion (Eq [V-61) r e q u i r e s  two cond i t ions  and t h e  unknown b re- 
q u i r e s  a t h i r d .  The importance of con tac t  ang le  i n  t h e  p o s i t i o n -  
i n g  s u r f a c e  i s  i n d i c a t e d  by t h i s  mathematical  requirement.  A nu- 
merical s o l u t i o n  i s  r e a d i l y  found using t h e  Bashforth-Adams i n t e -  
g r a t i o n  technique (Ref V-14). Equation [V-51 cannot be i n t e g r a t e d  
d i r e c t l y  s i n c e  dn/dr  pas ses  through i n f i n i t y  as t h e  s l o p e  passes  
through 90". Adapting t h e  ang le  of t h e  s l o p e  of t h e  f r e e  s u r f a c e  
as t h e  independent v a r i a b l e  a l lows c o n s t r u c t i o n  of parametr ic  re- 
l a t i o n s .  L e t  
t a n  0 = dn/dr .  [V-7 1 
Then Equation [V-61 becomes 
-- (r s i n  e )  - B O ~  = b ,  r d r  
which can be manipulated t o  
d r  = cos 0 de / (b  + Bon - s i n  e/r) .  PJ-8 1 
Equation [V-71 thus  becomes 
dq = s i n  8 d0/(b + Bon - s i n  e / r ) .  [V-9 1 
Equations [V-81 and [V-91 are two simultaneous equa t ions  f o r  t h e  
f r e e  s u r f a c e  r a d i u s  and h e i g h t ,  which may b e  solved t o  y i e l d  t h e  
parametric r e p r e s e n t a t i o n  r = r (e)  and q = n ( 0 ) .  The method of 
s o l u t i o n  is  a numerical  i n t e g r a t i o n  s t a r t i n g  a t  one boundary and 
p rogres s ive ly  incrementing 0 t o  t h e  o t h e r  boundary, e.g. ,  start- 
i n g  a t  some con tac t  p o i n t  on t h e  Fruhof p i l l a r  and i n t e g r a t i n g  
u n t i l  t h e  f r e e  s u r f a c e  c o n t a c t s  t h e  sphere w a l l .  Two boundary 
cond i t ions  s p e c i f y  t h e  he igh t  and s l o p e  of t h e  f r e e  s u r f a c e  con- 
t a c t  on t h e  p i l l a r  a t  some s p e c i f i e d  r a d i u s .  The ang le  of s l o p e  
i s  t h e  con tac t  ang le  p l u s  t h e  ang le  of s l o p e  of t h e  p i l l a r .  
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The i n i t i a l  guess of t h e  unknown b i n  Equations [V-81 and 
[V-91 is  b e s t  based on t h e  experience gained i n  c a l c u l a t i n g  i n t e r -  
f a c e  shapes.  General ly ,  a va lue  of 0.5 f o r  b i s  a reasonable  
s t a r t i n g  p o i n t  p 
a r easonab le  8 increment depends on t h e  method of i n t e g r a t i o n .  
The minimum t r u n c a t i o n  e r r o r ,  f o u r t h  o r d e r  Runge-Kotta method 
(Ref V-15) w i t h  A e  = 0.5" has  proven q u i t e  a c c u r a t e  and p rov ides  
e f f i c i e n t  use of computer t i m e .  
-2o/r  i n  Equation [V-61 . The choice of 1 ( O*PG 
The nondimensional p o s i t i o n  of t h e  s p h e r i c a l  tank w a l l  may be 
r ep resen ted  i n  pa rame t r i c  form i n  terms of t h e  s l o p e  of t h e  w a l l :  
w ( e w ) '  
- qw (Ow) and r = r 
w 
I f  w e  p l a c e  a coord ina te  system a t  t h e  c e n t e r  of t h e  sphe re ,  t h e  
w a l l  he igh t  and r a d i u s  are given i n  terms of t h e  s l o p e  of t h e  w a l l  
as : 
Note t h a t  
= -cos e 
w 
r = s i n  0 
w w 
dqw / d r  = t a n  8 . 
w w 
I f ,  i n  t h e  p rocess  of i n t e g r a t i o n ,  a p o i n t  is  reached where 0 = 
- c o n t a c t  ang le ,  w e  have r = r Then, t h e  s p h e r i c a l  
s u r f a c e  c o n t a c t  has  been found and t h e  i n t e r f a c e  shape, 
q = rl ( e )  and r = r ( e ) ,  ha s  been determined. However, t h i s  can 
only occur if t h e  c o r r e c t  va lue  of b has  been used i n  Equations 
[V-8] and [V-91. I f  t he  i n c o r r e c t  va lue  of b i s  used, t hen  when 
8 = 8 - c o n t a c t  ang le  and r = r simultaneously,  t h e  d i f f e r e n c e  
between q and qw measures t h e  e r r o r  i n  b ,  E = (n - rlw) I b = b o .  
Incrementing t h e  estimate of b and r e i n t e g r a t i n g  e s t a b l i s h e s  a 
second e r r o r ,  € 1  = 
improved estimate of b ,  




Ext rapo la t ion  t o  zero g i v e s  an (' - 'w)Ib=bl 
[V-lo] 
[v-111 
[ v-12 ] 
[ v-13 I 
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This  procedure can be  cont inued u n t i l  t h e  e r r o r  is  w i t h i n  some 
s m a l l  bound, t y p i c a l l y  E < l o q 6 .  A t  t h i s  p o i n t ,  an  a c c u r a t e  
approximation of t h e  f r e e  s u r f a c e  shape,  r = r ( e ) ,  q = q ( e ) ,  
i s  obta ined  t h a t  s a t i s f i e s  a s p e c i f i e d  p o s i t i o n  and con tac t  
ang le  on t h e  p i l l a r  and con tac t  ang le  on t h e  sphere  w a l l .  A 
t y p i c a l  computer p l o t t e d  p i c t u r e  of such a s o l u t i o n  i s  shown i n  
F igure  V-4. 
assuming a sphere  whose r a d i u s  i s  one: 
i 




Figure V-4 Free Surface Shape Distor- 
t i o n  by Standoff Post (Percent 
Liquid = 22.49, Bond No. = 0 )  
o r  







When t h e  l i q u i d  c o n t a c t  p o i n t  is n o t  above t h e  sphere equa to r ,  
t h e  last  i n t e g r a l  i s  se t  t o  zero. Equation [V-141 is  v a l i d  f o r  
e i t h e r  ro < r l  o r  r g  > r l .  
To determine t h e  i n t e r f a c e  p o s i t i o n  f o r  a s p e c i f i e d  amount of 
l i q u i d ,  t h e  l i q u i d  c o n t a c t  he igh t  on t h e  Fruhof p i l l a r  is  esti-  
mated t o  be equa l  t o  t h e  he igh t  of t h e  p i l l a r  and t h e  c o n t a c t  
ang le  i s  est imated as t h e  p h y s i c a l  con tac t  ang le .  The i n t e r f a c e  
shape and t h e  r e s u l t i n g  l i q u i d  volume are then  c a l c u l a t e d .  I f  
t h e  c a l c u l a t e d  l i q u i d  volume i s  g r e a t e r  t han  t h e  d e s i r e d  volume, 
t h e  e s t ima ted  c o n t a c t  h e i g h t  on t h e  p i l l a r  i s  decreased and t h e  
c a l c u l a t i o n  of i n t e r f a c e  shape and l i q u i d  volume is  repea ted  
u n t i l  t h e  d e s i r e d  l i q u i d  volume i s  obtained.  
c u l a t e d  volume i s  less than the  d e s i r e d  amount, t h e  estimate of 
c o n t a c t  ang le  i s  inc reased  ( s i n c e  t h e  p h y s i c a l  c o n t a c t  a n g l e  a t  
a co rne r  i s  n o t  de f ined )  u n t i l  convergence on t h e  c o r r e c t  i n t e r -  
f a c e  shape t o  match t h e  s p e c i f i e d  l i q u i d  volume i s  obtained.  
I f  t h e  i n i t i a l  cal- 
Computer p i c t u r e s  showing t h e  s t a t i c - f r e e  s u r f a c e  l o c a t i o n  
of t h e  p r o p e l l a n t s  b e f o r e  each burn during Misqion AI are p re -  
s en ted  i n  F igu re  V-5. The f i r s t  p i c t u r e  (a )  i s  r e p r e s e n t a t i v e  
of p o s s i b l e  l o c a t i o n  of t h e  u l l a g e  bubble (1.10% volume) b e f o r e  
t h e  midcourse c o r r e c t i o n s  and t h e  o r b i t  i n s e r t i o n  burn.  The 
bubble i s  f r e e  t o  move anywhere i n s i d e  t h e  tank except  over t h e  
tank o u t l e t .  The change i n  u l l a g e  s i z e  fol lowing t h e  midcourse 
burns i s  no t  s i g n i f i c a n t .  Since no d a t a  are a v a i l a b l e  on con- 
tact  ang le  e x h i b i t e d  by e i t h e r  diborane o r  oxygen d i f l u o r i d e ,  a 
c o n t a c t  ang le  of 0" w a s  assumed f o r  t h e  two p r o p e l l a n t s .  A 
similar series of p i c t u r e s ,  showing t h e  s t a t i c - f r e e  s u r f a c e  
p o s i t i o n  b e f o r e  each of t h e  engine burns during Mission B ,  i s  
p resen ted  i n  Figure V-6. The p r o p e l l a n t  margin r equ i r ed  by 
mission cr i ter ia  w a s  conse rva t ive ly  assumed t o  be used during 
t h e  l as t  burns.  
T e s t s  w e r e  performed i n  the  Martin Marietta drop tower (Ref 
V-16) t o  v e r i f y  ( a t  least q u a l i t a t i v e l y )  c e r t a i n  key o p e r a t i o n a l  
f e a t u r e s  of t h e  Fruhof. The tes t  o b j e c t i v e s  w e r e  t o :  
Provide zero-g equ i l ib r ium i n t e r f a c e  c o n f i g u r a t i o n s  
f o r  d i f f e r e n t  l i q u i d  volumes and p i l l a r  o r i e n t a t i o n s ;  
Show a b i l i t y  of p i l l a r  t o  p o s i t i o n  u l l a g e  away from 
t h e  tank o u t l e t  under zero and low-level,  cons t an t  
a c c e l e r a t i o n s ; *  
Demonstrate t h e  a b i l i t y  of t h e  p i l l a r  and communica- 
t i o n  channels t o  r e f i l l  w i t h  l i q u i d .  
2tThes.e a x i a l  a c c e l e r a t i o n s  tend t o  move l i q u i d  away from t h e  
tank o u t l e t .  
v-12 MCR-70-171 
a )  R e p r e s e n t a t i v e  o f  C o n d i t i o n s  P r i o r  t o  F i r s t  a n d  Second 
M i d c o u r s e  B u r n s  a n d  O r b i t  I n s e r t i o n  Burn  ( P e r c e n t  L i q u i d  
= 90 t o  88.9, Bond No. = 0) 
b )  P r i o r  t o  F i r s t  O r b i t  T r i m  Burn ( P e r c e n t  L i q u i d  = 3.42, 
Bond No. = 0) 
c )  P r i o r  to S e c o n d  O r b i t  T r i m  Burn  ( P e r c e n t  L i q u i d  = 2.25, 
Bond No. = 0) 
d )  P r i o r  t o  T h i r d  ( F i n a l )  O r b i t  T r i m  Burn ( P e r c e n t  L i q u i d  = 
1.17, Bond No. = 0) 
Fig. V-5 Liquid Orientation by the Fruhof Device before Each 
B u r n  on Mission AI 
Percent L i q u i d  = 50,00, Bond No, = 0 Percent L i q u i d  = 45.10, Bond No. = 0 1 Percent L i q u i d  = 44,00, Bond No, = 0 
Percent Liquid = 22,10, Bond No, = 0 Percent L iqu id  16,70, Bond No, = 0 
Percent L i q u i d  = 
Percent Liquid - 14.60, Bond No, = 0 Percent L iqu id  : 
Fi g 
I 
id No. = 0 
nd No, = 0 
Percent L i q u i d  = 45.10, Bond No. = 0 
Percent L i q u i d  7 16,70, Bond No, = 0 
V-13 and V-14 MCR-70-171 
Percent L i q u i d  = 44,00, Bond No, = 0 Percent L i q u i d  = 41.20, Bond No, = 0 Percent L i q u i d  = 39,30, Bond No, = 0 
Percent L i q u i d  = 14,60, Bond No, = 0 Percent L i q u i d  = 4.20, Bond No. = 0 
F igure  V-6 L i q u i d  O r i e n t a t l o n  by t he  Fruhof Device, be fore  Each Burn 
on Miss ion  B ,  Showing Free Surface Shape D i s t o r t i o n  by 
the  S tando f f  Post  
3 
MCR-70-171 V-15 
The q u a l i t a t i v e  r e s u l t s  w e r e  determined from 16mm c o l o r  f i l m  
reco rds .  Film speed w a s  200 frames p e r  second t o  provide a t  
least  400 frames f o r  each 2.1-sec drop. The test  specimens were 
g l a s s  and s p h e r i c a l  t o  s a t i s f y  t h e  v i s u a l  and s i m i l i t u d e  r equ i r e -  
ments. The b a s e l i n e  tank geometry f o r  t h e  t h r e e  p l a n e t a r y  m i s -  
s i o n s  i s  s p h e r i c a l .  The p i l l a r s  w e r e  untapered,  m e t a l  r ods .  
Benzene w a s  chosen as t h e  test  l i q u i d  because of i t s  h igh  
Attainment of t h e  
kinematic  s u r f a c e  t e n s i o n  (6 = 1 1 . 6  x f t 3 / s e c 2 )  and low 
s u r f a c e  t e n s i o n  (G = 1.98 x 
l i q u i d / g a s  equ i l ib r ium c o n f i g u r a t i o n  during t h e  l i m i t e d  t e s t  
d u r a t i o n  w a s  d e s i r e d  f o r  most tests. The t i m e  t o  e s t a b l i s h  t h e  
zero-g curved i n t e r f a c e  from t h e  1-g f l a t  shape ( p r i o r  t o  t h e  
drop) i s  p r o p o r t i o n a l  t o  t h e  p a r a m e t e r , m @  (Ref V-17). 
h igh  B va lue  f o r  benzene reduced t h e  r e o r i e n t a t i o n  t i m e ,  s i n c e  i t s  
low s u r f a c e  t e n s i o n  va lue  ensured t h a t  i t  would w e t  t h e  g l a s s  
specimens (assuming proper c l ean ing ) .*  
l b f /  f t )  . 
The 
Complete d e s c r i p t i o n s  of t h e  f r e e - f a l l  f a c i l i t y  and t e s k i n g  
procedures are p resen ted  i n  Ref V-16. The tests,  summarized i n  
Table V-1, are d i scussed  i n  t h e  fol lowing paragraphs.  
I n  t h e  f i r s t  series of tes ts ,  t h r e e  d i f f e r e n t  s i z e d  sphe res  
(1.g9 2.8, and 3.8-in. d i a )  were t e s t e d  s imultaneously wi th  t h e  
s a m e  percentage of l i q u i d .  D i f f e r e n t  l i q u i d  levels w e r e  used. 
One purpose of t h e  i n i t i a l  tests w a s  t o  select  t h e  sphere s i z e  
t h a t  allowed o r i e n t a t i o n  of t h e  f r e e  s u r f a c e  from t h e  1-g f l a t  
p o s i t i o n  t o  t h e  zero-g shape i n  a r easonab le  f r a c t i o n  of t h e  
2.1-sec f r e e - f a l l  t i m e  a v a i l a b l e .  
Enlarged frames s e l e c t e d  from t h e  f i l m s  of t h e  f i r s t  tests 
are p resen ted  i n  F igu re  V-7. The zero-g i n t e r f a c e  p o s i t i o n s  
v e r i f y  t h a t  l i q u i d  i s  he ld  over t h e  o u t l e t .  The 2.8-in. diameter 
sphe re  w a s  chosen as t h e  t es t  i t e m  f o r  t h e  remaining tes t  series 
s i n c e  i t  r e p r e s e n t s  t h e  b e s t  compromise between c l a r i t y  (of t h e  
f i lmed r e s u l t s )  and r e o r i e n t a t i o n  t i m e  demands. 
*The c r i t i c a l  s u r f a c e  t e n s i o n  va lue  t o  w e t  g l a s s  i s  3.42 x 
l b f / f t ,  i . e . ,  l i q u i d s  possessing s u r f a c e  t e n s i o n s  of g r e a t e r  v a l u e  
w i l l  no t  w e t  g l a s s .  The d e t e r g e n t  wash, w a t e r  r i n s e ,  and a i r  d ry  
c l ean ing  technique used i n  t h e  drop tests d i d ,  however, y i e l d  con- 
t ac t  ang le s  wi th  t h e  benzene t o  20" (as  observed from t h e  fi lmed 
r e s u l t s ) .  Even wi th  t h i s  r e l a t i v e l y  l a r g e  c o n t a c t  ang le ,  t h e  





Demonstrate sur face  
tension f o r c e  of pos 
i n  pushing u l lage  
bubble away 
Demonstrate l a t e r a l  
pos t  o r i e n t i n g  u l -  
l age  bubble t o  s i d e  
of sphere 
Demonstrate l i q u i d  
re ten t ion  capabi l i ty  
under negative 
acce lera t ions  
Demonstrate pos t  and 
channel r e f i l l  































































































































O i  ameter Test  Purpose 






Test  Results 
S t a b l e  equilibrium i n t e r f a c e s  formed i n  t h r e e  spheres with q u a l i t a t i v e  
agreement with ana lys i s  
S t a b l e  equilibrium i n t e r f a c e s  formed i n  t h r e e  spheres 
Liquid i n  s m a l l e s t s p h e r e  s t a b i l i z e d  t o  zero-g in te r face  shape; 
the o thers  s t i l l  had res idua l  s losh ing  a t  end of t e s t  
Equilibrium i n t e r f a c e  shapes formed i n  t h r e e  spheres i n  agreement with 
a n a l y s i s  
No e f f e c t  of smal le r  pos t  diameter was seen (Run 5 was d e f e c t i v e )  
Sloshing pers i s ted  in l a r g e s t  sphere t o  end of t e s t ;  o t h e r  two reached 
equi l ibr ium i n t e r f a c e  shapes 
Sloshing pers i s ted  i n  a l l  spheres t o  end of t e s t  
All  spheres achieved equi l ibr ium zero-g condi t ions ;  however, smal le r  
p o s t  diameter slowed s losh  damping 
Surface tension f o r c e  was too  small t o  s e e  any d i f fe rence  between hydro- 
dynamics i n  sphere with pos t  and sphere without post  
Surface tension force  on ul lage  bubble was too small t o  be seen 
Ullage bubble formed more slowly i n  sphere  with pos t ;  but bubble ve loc i ty  
away from top was higher i n  sphere with pos t  
Ullage bubble acce lera t ion  by sur face  tension f o r c e  a t  p o s t  was e a s i l y  
seen 
No l i q u i d  came i n  contac t  with p o s t  during test because of low l i q u i d  
leve l  
The p o s t  sur face  f o r c e  began pumping l iqu id  t o  s i d e  of sphere  with pos t  
by end of t e s t  
An u l l a g e  bubble was formed and pushed away from post 
An u l l a g e  bubble was formed and pushed away from pos t  
The u l lage  bubble was too small t o  come i n  contac t  with pos t  
Liquid i n t e r a c t i o n  w i t h  f l ange  dominated t h e  flow, obs t ruc t ing  the e f f e c t  
of t h e  pos t  
Liquid i n t e r a c t i o n  with f lange  dominated flow 
Pos t  re ta ined  most of l i q u i d ,  while l i q u i d  i n  sphere wi thout  pos t  
s e t t l e d  away from o u t l e t  
Post re ta ined  most of l i q u i d  
Slosh dynamics pers i s ted  through t e s t ,  obscuring r e s u l t s  
Post appeared t o  r e t a i n  some l i q u i d  
Acceleration s e t t l e d  l i q u i d  away from o u t l e t  i n  both spheres  
Acceleration s e t t l e d  l i q u i d  away from o u t l e t  i n  both spheres  
No l i q u i d  came i n  contac t  with p o s t  during t e s t  because of low l i q u i d  
1 eve1 
No l i q u i d  came i n  contac t  with pos t  during test  because t h e  f lange  i n t e r -  
rupted the flow 
The pos t  was f i l l i n g  with l i q u i d  a t  end of test ,  whereas l i q u i d  i n  
sphere  without pos t  d id  not reach o u t l e t  region 
Test l iqu id  was benzene; t e s t  duration was approximately 2.1 seconds. 
Tes t  specimen designation: 
1 = Three spheres,  1.9,  2.8,  and 3 .8  in .  d i a  ( sphere  cons is ted  of two flanged hemispheres joined a t  equator;  p o s t  was a d r i l l  b i t  imbedded i n  o u t l e t  
2 = Two spheres,  2.8 i n .  d ia .  3-mil wi re  loops 
3 = Two spheres,  2.8 i n .  d i a .  
4 = Two spheres,  2.8 i n .  d i a .  
s topper ) .  
used as  communication channels.  
used a s  communication channels.  
used as  communication channels.  
Each sphere had a post a t  t h e  bottom ( length  = 0.4 x sphere  diameter).  
One sphere without pos t  ( c o n t r o l )  and one sphere with pos t  a t  top ( length  = 0.2 x sphere diameter).  
One sphere without pos t  (cont ro l )  and one sphere with pos t  a t  s i d e  ( length  = 0.2 x sphere diameter).  
One sphere  without pos t  (cont ro l )  and one sphere  wi th  pos t  a t  bottom ( length  = 0.2 x sphere diameter).  3-mil wire loops 
3-mil wire loops 
MCR-70-171 v-17 
a )  I n i t i a l  1-g Configuration (50% l i q u i d  load)  
b)  Zero-g Configuration (seen b e s t  i n  l e f t  sphere) 
Figure V-7 Frames from Motion Picture Film of  Fruhof 
Test Run No. 4 
V-18 MCR-70-171 
The second series of tests w a s  designed t o  see how t h e  p i l l a r  
funct ioned wi th  a r e l a t i v e l y  s m a l l  u l l a g e  bubble. Two i d e n t i c a l  
spheres  w e r e  observed side-by-side, one w i t h  a s t andof f  p i l l a r  a t  
t h e  top of t h e  c o n t a i n e r ,  t h e  o t h e r  w i t h  no p i l l a r .  Comparison 
of t h e  f r e e  s u r f a c e  motions i n  t h e  two spheres  allowed i s o l a t i o n  
of t h e  e f f e c t s  of t h e  p i l l a r .  S ix  l i q u i d  levels w e r e  t e s t e d :  
25%, 50%, 80%, 85%, 90%, and 95%. I n  t h e  f i r s t  f o u r  tests,  t h e  
f l a t  1-g s u r f a c e  d i d  n o t  c o n t a c t  t h e  p o s t ;  i n  t h e  las t  two, t h e  
i n i t i a l  f l a t  s u r f a c e  d i d  make c o n t a c t .  For a l l  s i x  tests, t h e  
base of t h e  p o s t  w a s  d ry  (not we t t ed ) .  During t h e  tests, t h e  
f r e e  s u r f a c e  i n  both spheres  changed from n e a r - f l a t  t o  near- 
s p h e r i c a l .  For t h e  h igh  l i q u i d  volume tests, t h e  u l l a g e  bubble 
formed more slowly i n  t h e  sphere w i t h  t h e  p o s t ,  caused by l i q u i d  
s u r f a c e  i n t e r a c t i o n  w i t h  t h e  p o s t .  The l i q u i d  flow c r e a t e d  i n  
forming t h e s e  bubbles continued af ter  formation,  causing them t o  
move from t h e  top of t h e  sphere toward t h e  bottom. For t h e  95%- 
f u l l  case, t h e  f o r c e  t h e  s tandoff  p i l l a r  e x e r t s  on t h e  u l l a g e  
bubble t o  push i t  away from t h e  o u t l e t  w a s  c l e a r l y  ev iden t .  The 
bubble i n  t h e  c l ean  t ank ,  once formed, moved about 80% of t h e  
diameter of t h e  sphere.  The bubble i n  t h e  sphere w i t h  t h e  p o s t  
l e f t  t h e  p o s t  a t  a h ighe r  v e l o c i t y  and c o l l i d e d  w i t h  t h e  bottom 
of t h e  c o n t a i n e r .  Figure V-8 shows a sequence of frames s e l e c t e d  
from t h e  f i l m  coverage of t h e  95%-fu l l  test .  
The t h i r d  series of tests w a s  designed t o  demonstrate t h a t  
t h e  holding power of t h e  u l l a g e  s t andof f  p i l l a r ,  as seen i n  t h e  
earlier tests, w a s  n o t  due t o  t h e  test sphe-re o r i e n t a t i o n .  Again, 
two spheres  were used (one w i t h  a p o s t ,  t h e  o t h e r  w i t h o u t ) ,  b u t  
they were pos i t i oned  on their  s i d e s .  The r e s u l t s  showed t h a t  t h e  
zero-g u l l a g e  bubble qormed i n  t h e  sphere wi'th t h e  p o s t  achi?ved 
an o f f s e t  p o s i t i o n  (away from t h e  p o s t ) .  The u l l a g e  bubble i n  
t h e  c l ean  tank remained axisymmetr ical ly  p o s i t i o n e d  (Fig.  V-9). 
x 
P-g Confi gurati on (95% l iqui d load) 2) Ini ti a1 ly Identical Bubble Formation 3)  Post Begins t o  Interfere, Slowtng Bubble Format 
5 )  Post  Accelerates Bubb e toward Bottom 7) Bubble on Left Passes Bubble on Rfght 
k i  gure 
2) In i  ti a1 ly Ident ica l  Bubble Formation 
6) Bubble on be t S t i l l  Behind Bubble on Wfght 
3)  Post  Begins t o  Interfere, Slowing Bubble Formation 
7) Bubble on Left Passes Bubble on Ra'ght 
Figure V-8 
MCR-70-171 8-19 and V-20 
4) Meniscus Forms a t  Pos t  
8) Bubble on Left St r i kes  Bottom First 
otion P i c t u r e  Film of Fruhof Test Run No, 12, 
essive Fluid  Motion through Test 
3 
MCR-70-171 v-21 
a )  I n i t i a l  1-g Configuration (50% l i q u i d  load)  
b )  Zero-g Configuration (bubb le  pushed t o  l e f t  
s i d e  i n  l e f t  sphere;  bubble symmetric i n  
right sphere) 
Figure V-9 Frames from Motion Pic ture  Film o f  Fruhof 
Test Run No. 15 
v-22 MCR-70-171 
0.1 1.0 
Settling Bond No. (arz/6) 
Figure V-10 Effect of Negative 
Acceleration on the Holding Power 
of the Ullage Standoff Post 
The results of the test pro- 
gram show that the ullage stand- 
off pillar performs well in 
zero g. 
the ability of the device to 
hold liquid over the outlet 
under an axial acceleration tend- 
ing to position ullage at the 
outlet.* Computer calculations 
of interface shapes for negative, 
nonzero Bond numbers were made. 
For a given liquid level, a se- 
quence of increasing negative 
Bond numbers were input to the 
computer until the numerical 
technique could no longer find 
a static equilibrium interface 
condition. The failure to find 
a solution was due to rapidly 
increasing program convergence 
difficulties. The last solution 
found serves as a conservative 
estimate of the stability cri- 
terion. Figure V-10 presents 
the results of the calculations, 
If, for example, a liquid volume 
equal to 1% of the tank volume 
must be positioned at the tank 
outlet to guarantee successful 
engine start, then the magnitude 
of the Bond number acting to 
move liquid away from the 
outlet due to drag must be less 
than 0 . 4 .  This requirement is 
A critical question is 
equivalent to holding the gravity level below 2.2 x l o w b  g before 
engine start on Mission A ,  and below 2 . 3  x 
start on Mission B. The mission acceleration environments (Tables 
11-2 and 11-4) show that this is satisfied by more than one order 
of magnitude on Mission A1 and by more than two orders of magni- 
tude on Mission B. 
g before engine 
*This type of acceleration is termed a negative acceleration 
since it tends to move liquid away from the tank outlet; a posi- 
tive acceleration tends to position liquid at the outlet. 
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The g environment a c t i n g  p r i o r  t o  an  engine burn f o r  M i s -  
s i o n s  A I ,  Ail, and B ,  has no p e r c e p t i b l e  e f f e c t  on t h e  holding 
power of t h e  s t andof f  p i l l a r .  However, f o r  o t h e r  missions such 
as E a r t h  o r b i t  and lower a l t i t u d e  Mars o r b i t  missions,  t h e  drag 
f o r c e  on t h e  s p a c e c r a f t  could be l a r g e  enough t o  overcome t h e  re- 
q u i r e d  l i q u i d  holding c a p a b i l i t y  of t h e  s t andof f  device.  There 
are a number of design s t e p s  t h a t  may be used i n  t h e  spectrum be- 
tween t h e  simple p i l l a r  and t h e  f i n e  mesh s c r e e n  t r a p  (Chapter 
IV) t o  hold l i q u i d  under g r a v i t y ,  o r  a c c e l e r a t i o n ,  f o r c e s  between 
paragraphs e 
and 1 g. Some mod i f i ca t ions  are p resen ted  i n  t h e  fol lowing 
U11 age 
Figure 1-11 Hollow Ullage Standoff 
P i  11 a r  or Standpipe 
Concept 
A hollow u l l a g e  s t andof f  
p o s t  ( o r  s t andp ipe )  w i l l  hold 
more l i q u i d  a t  t h e  o u t l e t  (Fig.  
V-11). The p i p e  diameter can be 
optimized t o  provide t h e  maximum 
s u r f a c e  t e n s i o n  s t a b i l i z a t i o n .  
A p e r f o r a t e d  cove rp la t e  may be 
r e q u i r e d  over t h e  o u t l e t ,  how- 
e v e r ,  t o  avoid f r ee - su r face  
pul l - through during t h e  t r a n s i e n t  
s e t t l i n g  a t  engine s t a r t u p .  
Mul t ip l e ,  c o n c e n t r i c  s t andp ipes  
can be used t o  f u r t h e r  i n c r e a s e  
t h e  s u r f a c e  t e n s i o n  holding capa- 
b i l i t y  by decreasing t h e  f r e e -  
s u r f a c e  r a d i u s  of cu rva tu re  in -  
s i d e  t h e  a n n u l i .  This  t ype  of 
c o n f i g u r a t i o n  i s  shown i n  F igu re  
v-12 * 
Another approach t o  improv- 
i n g  t h e  s u r f a c e  t e n s i o n  holding 
power of t h e  u l l a g e  s t andof f  
dev ice  i s  t o  add vanes a t  i t s  
base ,  as f i r s t  proposed by Martin 
Marietta i n  1968 (Ref V - 1 8 ) .  The 
vanes (Fig.  V-13) d i v i d e  t h e  
l i q u i d  i n t o  s e p a r a t e  compart- 
ments t h a t  a f f o r d  smaller r a d i i  
of cu rva tu re  t o  t h e  f r ee - su r face  of t h e  l i q u i d .  The smaller 
r a d i i  i n c r e a s e  t h e  s u r f a c e  t e n s i o n  f o r c e  a c t i n g  on t h e  l i q u i d .  
Some p o s s i b l e  advantages of vanes over t h e  s t andp ipe  configura- 
t i o n s  inc lude  a l e s s e n i n g  of t h e  s u r f a c e  dropout problem and 
a n t i v o r t e x i n g .  The a d d i t i o n  of vanes i s  e q u i v a l e n t  t o  adding 
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concen t r i c  s tandpipes .  A s  t h e  nega t ive  g r a v i t y  holding requi re -  
ment i n c r e a s e s ,  a p o i n t  i s  reached where a c losed  t r a p  device  i s  
s impler  and more a t t rac t ive .  
A s imple t r a p  des ign  c o n s i s t s  of a p l a t e  w i th  l a r g e  openings 
pos i t i oned  above t h e  o u t l e t .  The ho le s  are s i z e d  s m a l l  enough 
t o  hold ( s t a b i l i z e  t h e  i n t e r f a c e )  a g a i n s t  t h e  des ign  g- leve l ,  b u t  
l a r g e  enough t o  permit  any t rapped u l l a g e  gas  bubbles  t o  escape 
during t h r u s t i n g .  It i s  designed t o  be  f u l l  of l i q u i d  p r i o r  t o  
engine f i r i n g s .  The t r a p  volume i s  l a r g e  enough t o  supply gas- 
f r e e  l i q u i d  t o  t h e  engine u n t i l  t h e  bulk  p r o p e l l a n t  i s  s e t t l e d .  
Once s e t t l i n g  is  accomplished, buoyancy f o r c e s  w i l l  tend t o  purge 
u l l a g e  from t h e  t r a p .  
U11 age 
Ullage 
Figure  V-12 Mu1 ti p l e  Concent r i c  
Standpipe Concept 
F igure  V-13 Ul lage  Standof f  P i l l a r  w i t h  
Vanes Concept 
Successfu l  t r a p  ope ra t ion  i n  a h igh  negative-g f i e l d  prec ludes  
t h e  use of a p l a t e  w i t h  ho le s  l a r g e  enough f o r  t rapped u l l a g e  gas  
purging. Desc r ip t ions  of t h e s e  systems are presented  i n  d e t a i l  i n  
Chapter I V .  
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The Fruhof concept i s  an a c q u i s i t i o n  dev ice  t h a t  depends on 
l i q u i d  being l o c a t e d  i n  i t s  most s t a b l e  c o n f i g u r a t i o n ,  i . e . ,  over 
t h e  o u t l e t  and i n  con tac t  with t h e  s i n g l e  p o s t .  A second, less 
s t a b l e  l i q u i d  conf igu ra t ion  e x i s t s  where t h e  l i q u i d  i s  n o t  i n  con- 
t ac t  wi th  t h e  o u t l e t  under c e r t a i n  c o n d i t i o n s ,  namely: t h e  tank 
i s  n o t  p e r f e c t l y  s p h e r i c a l ;  t he  l i q u i d  c o n t a c t  ang le  i s  n o t  zero;  
o r  t h e  g r a v i t y  l e v e l  i s  n o t  zero.  Tho s t a b l e  conf igu ra t ions  i n  
zero g f o r  a sphere 20% f u l l  of l i q u i d  having a nonzero c o n t a c t  
ang le  are shown i n  Figure V-14. 
s m a l l  amount of l i q u i d  over t he  o u t l e t  i s  a t  a lower p r e s s u r e  
than t h e  bu lk  l i q u i d  a t  t h e  oppos i t e  end of t h e  tank. Since 
t h e r e  i s  no l i q u i d  communication between t h e  two r eg ions ,  t h e  
cond i t ion  shown is  s t a b l e .  The bulk l i q u i d  f r e e  s u r f a c e  i s  spher- 
i c a l  w i th  i t s  r a d i u s  of cu rva tu re  def ined by t h e  amount of l i q u i d  
and i t s  c o n t a c t  a n g l e  w i t h  t h e  s p h e r i c a l  w a l l .  
I n  t h e  right-hand f i g u r e ,  t h e  
Figure  V-14 Comparison o f  Two Stab le  L i q u i d  Conf igura t ions  Showing 
Free Surface Shape D i s t o r t i o n  by Standof f  Post 
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The Mart in  Marietta c a p i l -  
l a r y  sump and duc t  concept (Ref 
V-18) shown i n  F igu re  V-15, i s  
one way t o  provide communication 
between t h e  two s t a b l e  r eg ions .  
Such a device i s  s i m i l a r  t o  t h e  
c u r r e n t  design f o r  t h e  Viking 
O r b i t e r  (Ref V-19). The c ruc i -  
form between t h e  top of t h e  t ank  
and t h e  vanes a t  t h e  o u t l e t  f i l l s  
w i th  l i q u i d  t o  s a t i s f y  c o n t a c t  
ang le  and f r ee - su r face  cu rva tu re  
requirements.  Once t h e  l i q u i d  
i n  t h e  cruciform connects t h e  
bulk l i q u i d  a t  t h e  top of t h e  
tank t o  t h e  l i q u i d  over t h e  out- 
l e t ,  t h e  p r e s s u r e  d i f f e r e n c e  w i l l  
cause n e a r l y  a l l  of t h e  propel-  
l a n t  t o  flow t o  t h e  o u t l e t  r e g i o n ,  
which i s  i t s  most s t a b l e  p o s i t i o n .  
A major disadvantage of hav- 
ing  t h e  communication channel on 
the  a x i s  of t h e  tank i s  t h a t  a 
cons ide rab le  amount of l i q u i d  may 
p o s s i b l y  o r i e n t  i t s e l f  on t h e  
Figure V-15 Capillary Duct and tank i n  c o n t a c t  w i t h  n e i t h e r  t h e  
tank top nor  t h e  tank bottom. 
Simple a l g e b r a i c  c a l c u l a t i o n s  
on t h e  i n t e r s e c t i o n  of two spheres  r e p r e s e n t i n g  a l i q u i d  w i t h  a 2" 
con tac t  a n g l e  show t h a t  such an i s o l a t e d  l i q u i d  pocket could be 
over 2% of t h e  t ank  volume. Another c o n s i d e r a t i o n  i s  t h a t  t h e  
channel on t h e  a x i s  acts t o  o r i e n t  l i q u i d  a t  both ends of t h e  tank.  
A t  low l i q u i d  load l e v e l s ,  t h e  h a l f  of t h e  l i q u i d  o r i e n t e d  a t  t h e  
top of t h e  tank w i l l  undergo l a r g e  amplitude s e t t l i n g  motion a t  
engine s tar t .  This motion may cause vapor i n g e s t i o n .  P l ac ing  t h e  
communication channel on t h e  tank a x i s  a l s o  creates the  p o s s i b i l i t y  
of l a r g e  scale p r o p e l l a n t  asymmetry a t  engine s t a r t u p .  Liquid 
asymmetric s e t t l i n g  can cause v e h i c l e  c o n t r o l  s t a b i l i t y  d i f f i c u l -  
t i e s  (Ref V-19). 
Sump Concept 
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The d i r e c t  method t o  minimize l i q u i d  pockets  removed from t h e  
o u t l e t  is  t o  p l a c e  communication channels a long t h e  tank w a l l  in-  
s t e a d  of on t h e  tank a x i s .  Any f l u i d  pocket away from t h e  p o s t  
w i l l  be  on t h e  w a l l  and w i l l  have a h ighe r  p r e s s u r e  than t h e  
l i q u i d  a t  t h e  p o s t .  Providing a continuous l i q u i d  p a t h  along t h e  
w a l l  between t h e  two l i q u i d  r eg ions  causes  t h e  l i q u i d  t o  flow t o  
t h e  low p r e s s u r e  r eg ion  a t  t h e  p o s t .  
The number of channels placed on t h e  w a l l  from t h e  p o s t  t o  t h e  
top of t h e  tank determines t h e  s i z e  of l i q u i d  pockets  t h a t  are n o t  
i n  communication w i t h  t h e  p i l l a r .  Four channels ,  90" a p a r t ,  con- 
nected t o  t h e  p i l l a r  and t o  each o t h e r  a t  t h e  tank top reduce t h e  
maximum l i q u i d  pocket t o  less than  1% of t h e  tank volume. Eight  
channels ,  45" a p a r t ,  f u r t h e r  reduce t h e  maximum l i q u i d  pocket s i z e  
t o  less than 0.4% of t h e  l i q u i d  volume. 
Vehicle a c c e l e r a t i o n s  can move l i q u i d  away from t h e  o u t l e t  and 
d r a i n  most of t h e  l i q u i d  from t h e  exposed p o r t i o n s  of t h e  communi- 
c a t i o n  channels.  A f t e r  an a c c e l e r a t i o n  i s  terminated,  t h e  channels 
f i r s t  r e f i l l  w i th  l i q u i d  by c a p i l l a r y  pumping, and then  c a r r y  t h e  
p r o p e l l a n t  back t o  t h e  p i l l a r .  The channel c ros s - sec t ion  shape and 
s i z e  determines t h e  r e f i l l  c a p a b i l i t y  and t h e  t i m e  r equ i r ed  t o  
r e o r i e n t  t h e  l i q u i d  over t h e  o u t l e t .  
The l i q u i d  pumping c a p a b i l i t y  of t h e  communication channels 
w a s  t e s t e d  as p a r t  of t h e  drop test program t o  v e r i f y  t h e  u l l a g e  
s tandoff  p o s t  concept.  Loops fashioned from three-mil diameter 
w i r e  w e r e  pos i t i oned  ad jacen t  t o  t h e  i n t e r i o r  sphere w a l l  and 
a t t ached  t o  t h e  pos t  (Fig. V-8 and V-9). Two loops,  90' a p a r t ,  
w e r e  used. The w i r e s ,  as seen i n  drop tower motion p i c t u r e  r e s u l t s ,  
pumped so slowly t h a t  they d id  n o t  f i l l  i n  t h e  test t i m e  a v a i l a b l e .  
However, t h e  V-groove a t  t h e  j u n c t i o n  of t h e  two sphere ha lves  
f i l l e d  very r a p i d l y .  The r a d i u s  of cu rva tu re  r equ i r ed  i n  t h e  V- 
groove w a s  much smaller than t h a t  a t  t h e  w i r e  loops,  i n c r e a s i n g  
i ts  pumping power considerably.  These tests confirmed t h a t  sharp 
co rne r s  on t h e  channels  a i d  i n  guaranteeing a continuous l i q u i d  
p a t h  between t h e  s t andof f  pos t  and any i s o l a t e d  l i q u i d .  F i l l i n g  
t h e  channel by s u r f a c e  t e n s i o n  pumping r e q u i r e s  t h a t  a s t a b l e  i n t e r -  
f a c e  n o t  form i n  t h e  channel. A s t a b l e  i n t e r f a c e  r e q u i r e s  uniform 
cu rva tu re ,  which cannot occur i n  a sharp-cornered channel w i t h  t h e  
p r o p e l l a n t s  considered i n  t h i s  s t u d y ,  because of t h e i r  near-zero 
c o n t a c t  angle." For t h i s  reason,  V-shaped channels ,  as shown i n  
Fig. V-16, are proposed. 
"As t h e  l i q u i d  moves up t h e  sha rp  co rne r  t o  s a t i s f y  c o n t a c t  
ang le ,  t h e  second p r i n c i p a l  r a d i u s  of c u r v a t u r e  of t h e  l i q u i d / g a s  
i n t e r f a c e  becomes s m a l l e r ,  r e s u l t i n g  i n  a lower l i q u i d  p r e s s u r e  i n  
t h i s  r eg ion  (Eq [V-11). This p r e s s u r e  g r a d i e n t  causes  l i q u i d  t o  
flow along t h e  channel.  
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Communication channels  are n o t  re- 
qu i r ed  w i t h  l i q u i d s  having a zero con- 
t ac t  ang le .  However, t o  provide a more 
u n i v e r s a l  des ign ,  i t  i s  f e l t  t h a t  t h e  
system should be capab le  of accommodat- 
i n g  nonzero c o n t a c t  a n g l e  s i t u a t i o n s  
and communication channels should be 
inco rpora t ed  i n  t h e  low-g design.  
A gap between t h e  channel and t h e  
t ank  w a l l  must be maintained t o  prevent  
c o n t a c t  and rubbing a g a i n s t  t h e  w a l l .  
The smaller t h e  gap, t h e  f a s t e r  t h e  
channel r e f i l l s ;  however, a l a r g e  gap 
y i e l d s  a l a r g e r  l i q u i d  c ros s - sec t ion ,  




Modeling of t h e  hydrodynamics of 
t h e  r e o r i e n t a t i o n  p rocess  w a s  n o t  pos- 
s i b l e  du r ing  t h i s  s tudy.  However, re- 
Figure "-I6 Standoff o r i e n t a t i o n  t i m e  can be est imated from 
t h e  c h a r a c t e r i s t i c  c a p i l l a r y  response 
t i m e ,  (Ref V - 1 7 ) .  For t h e  m i s -  
with Communication 
Concept 
s i o n s  and p r o p e l l a n t s  considered i n  t h i s  s tudy ,  t h e  estimate ranges 
from 100 t o  500 seconds. 
The l i q u i d  r e t e n t i o n  c a p a b i l i t y  of i n s t rumen ta t ion  probes,  
cool ing c o i l s ,  and o t h e r  protuberances i s  s i m i l a r  t o  t h e  r e t e n t i o n  
a t  t h e  s t andof f  p i l l a r .  Each probe w i l l  r e t a i n  l i q u i d  i n  zero g 
as confirmed by drop tower tests of l i q u i d / v a p o r  senso r s  (Ref V-20). 
Therefore ,  t h e  l o c a t i o n  and c o n f i g u r a t i o n  of any in s t rumen ta t ion  
probes o r  o t h e r  protuberances i n  t h e  p r o p e l l a n t  t ank  must be con- 
s ide red  i n  t h e  d e t a i l e d  a n a l y s i s  and design of t h e  p r o p e l l a n t  
a c q u i s i t i o n  system f l i g h t  hardware. I f  coo l ing  c o i l s ,  f o r  example, 
are r equ i r ed  w i t h i n  t h e  t ank  f o r  t h e  space s t o r a b l e  p r o p e l l a n t s  
they may be inco rpora t ed  as p a r t  of t h e  communication channels .  
I n  summary, t h e  sea rch  f o r  a p r o p e l l a n t  a c q u i s i t i o n  dev ice  
using s u r f a c e  t e n s i o n  t h a t  s a t i s f i e d  t h e  requirements  of Missions 
A I ,  A 2 9  and B, bu t  d i d  n o t  have t o  s a t i s f y  minus 1-g t e s t a b i l i t y ,  
has  y i e l d e d  a ve ry  s imple des ign  t h a t  c o n s i s t s  of an  u l l a g e  stand- 
o f f  p o s t  w i th  communication channels nea r  t h e  t ank  w a l l ,  
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B. FABRICATION AND ASSEMBLY 
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Aluminum i s  r equ i r ed  f o r  p r o p e l l a n t  c o m p a t i b i l i t y  on Mission 
A I ,  and t h e  a l l o y  chosen f o r  t h e  tankage w a s  2219, as d i scussed  i n  
Volume I. It i s  recommended t h a t  t h e  pos t  and communication chan- 
n e l s  be  made of 6061 AR s i n c e  i t  i s  e a s i l y  welded, r e a d i l y  avail- 
a b l e ,  and t h e  s t r e n g t h  of 2219 AR i s  n o t  r equ i r ed .  F igure  V-17 
shows an  assembled p r o p e l l a n t  t ank  w i t h  t h e  low-g a c q u i s i t i o n  de- 
vice i n s t a l l e d  f o r  Mission A I .  The t ank ,  i t s e l f ,  c o n s i s t s  of two 
hemispher ica l  s h e l l s  j o ined  a t  a suppor t  r i n g  w i t h  a p res su ran t  
i n l e t  f i t t i n g  a t  t h e  top  and an  o u t l e t  f i t t i n g  a t  t h e  bottom. The 
u l l a g e  s tandoff  p o s t  i s  a s o l i d ,  machined m e t a l  p i e c e  fomned s o  
t h a t  i t s  bottom serves as an o u t l e t  cove rp la t e ,  as shown. Its 
h e i g h t ,  equa l  t o  42% of t h e  t ank  r a d i u s ,  w a s  chosen t o  provide  pre- 
c ise  axisymmetric u l l a g e  c o n t r o l  f o r  volumes g r e a t e r  than  50% of 
t h e  t ank  volume. The p o s t  i s  j o i n e d  t o  t h e  o u t l e t  f i t t i n g  a t  t h e  
rim of t h e  cove rp la t e  s e c t i o n .  
P rope l l an t  compa t ib i l i t y  r e q u i r e s  t h a t  t h e  tankage f o r  Missions 
A2 and B be  t i t an ium,  and t h e  a l l o y  6AR-4V T i  w a s  chosen. The 
material  s e l e c t e d  f o r  p o s t  and communication channels  assembly i s  
Ti-40, s i n c e  the pure  metal i s  more d u c t i l e  and i s  e a s i l y  welded. 
F igu re  V-18 i s  a d e t a i l  des ign  drawing and shows f a b r i c a t i o n  
and assembly d e t a i l s  of  t h e  Mission B low-g a c q u i s i t i o n  device .  
The Mission A2 des ign  is  i d e n t i c a l  ( s c a l a b l e  t o  t h e  tank  dimen- 
s i o n s ) ,  and f o r  t h i s  reason  a s e p a r a t e  drawing i s  n o t  presented .  
F igu re  V-19 shows t h e  d e t a i l  des ign  of an  a l t e r n a t e  Mission B de- 
vice (discussed i n  Sec t ion  A); t h e  u l l a g e  s tandoff  p i l l a r  wi th  
vanes.  The vanes provide  g r e a t e r  l i q u i d  hold ing  a b i l i t y  a t  t h e  
o u t l e t .  The des ign  presented  i n  F igure  V-19 permi ts  engine  res ta r t  
a t  t h r e e  o r d e r s  of magnitude g r e a t e r  v e h i c l e  drag  than  r equ i r ed  f o r  
Missions A2 and B. This  performance i n c r e a s e ,  as seen ,  i n c r e a s e s  
system complexity.  
An a l t e r n a t e  assembly w i t h  p re s su ran t  suppl ied  through t h e  
o u t l e t ,  r e q u i r i n g  only one tank  p e n e t r a t i o n ,  i s  included i n  F igu re  
V-18. The concept i s  v a l i d  f o r  a l l  t h r e e  missions.  Two a l t e r n a t e  
h o l e  p a t t e r n s  on t h e  cove rp la t e  over  t h e  o u t l e t  a r e  a l s o  shown. 
Both p a t t e r n s  are adequate  t o  prevent  gas  i n g e s t i o n  i f  t h e  pos t  
area should f o r  any reason  become dry .  
c r i t e r i o n  i s  
The Bond number s t a b i l i t y  
lapr2 /o  I < Bo c r i t i c a l  = 0.84, IV-151 
f o r  no bubble breakthrough under a nega t ive  g r a v i t y  o r  a c c e l e r a t i o n .  
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Considering a l l  t h e  p r o p e l l a n t s  f o r  Missions A I ,  A 2 ,  and B,  i t  
would r e q u i r e  a n e g a t i v e  a c c e l e r a t i o n  g r e a t e r  t han  0.07 g f o r  u l l a g e  
t o  be inges t ed  i n t o  t h e  f eed  l i n e  through t h e  0.25-in. diameter 
ho le s .  The c r i t i c a l  a c c e l e r a t i o n  level (nega t ive )  i s  more than  
t h r e e  o r d e r s  of magnitude g r e a t e r  t han  a n t i c i p a t e d  on any of t h e  
missions.  The second c r i t e r i o n  i s  t h e  i n t e r f a c e  s t a b i l i t y  provided 
by t h e  h o l e s  a g a i n s t  h y d r o s t a t i c  heads c r e a t e d  by a l a t e ra l  accel- 
e r a t i o n  ( p a r a l l e l  t o  t h e  s u r f a c e  of t h e  c o v e r p l a t e ) ;  
IV-161 
f o r  zero u l l a g e  breakthrough (where h i s  t h e  maximum d i s t a n c e  
between.holes) .  From Equation [V-161, t h e  l a t e r a l  a c c e l e r a t i o n  
f o r  breakdown is  g r e a t e r  than 0.02 g f o r  Missions A I ,  A 2 ,  and B,  
which i s  aga in  a t  least  t h r e e  o r d e r s  of magnitude g r e a t e r  than t h a t  
a n t i c i p a t e d .  The c o v e r p l a t e  provides  s t r u c t u r a l  support  f o r  t h e  
p o s t ,  as shown. I f  vanes are used (Fig. V-19), t h e  c o v e r p l a t e  i s  
not  needed. 
F l a t  areas are machhed a t  t h e  b a s e  of the p o s t  t o  f a c i l i t a t e  
j o i n i n g  t h e  communication channels t o  t h e  p o s t .  The channels are 
a l s o  j o i n e d  t o  t h e  t ank  w a l l  nea r  t h e  equator  and t o  a free-stand- 
ing  j u n c t i o n  hub a t  t h e  t o p  of t h e  t ank .  A cons tan t  gap s i z e  i s  
maintained between t h e  tank w a l l  and t h e  channels .  The gap chosen 
is Barge enough f o r  ease of i n s t a l l a t i o n  without  s e v e r e l y  pena l i z -  
i ng  i t s  s u r f a c e  t e n s i o n  pumping c a p a b i l i t y .  The V-shape purges 
. u l l a g e  from t h e  channels  and w a s  a l s o  chosen because of t h e  ease 
of manufacture and assembly of t h e  sharp-cornered s e c t i o n s .  
The attachment and j o i n i n g  procedures are of p a r t i c u l a r  con- 
cern.  A s  wi th  t h e  1-g t e s t a b l e  des ign ,  a t  least f o u r  j o i n i n g  pro- 
cedures are p o s s i b l e .  Because both r e s i s t a n c e  welding and mechan- 
i c a l  f a s t e n i n g  tend t o  create contaminant t r a p  areas, t h e s e  pro- 
cedures w e r e  e l imina ted  from c o n s i d e r a t i o n .  
For Missions A2 and B t i t a n i u m  tankage, t h e  3003 AR brazing 
process  could be used f o r  t h e  j o i n i n g  ope ra t ions  of t h e  u l l a g e  
s tandoff  p o s t  c o n f i g u r a t i o n .  However, 3003 AR braz ing  tends t o  
anneal  s t r u c t u r a l  t i t a n i u m  a l l o y s  l i k e  6AR-4V. For e f f e c t i v e  in-  
s t a l l a t i o n  of t h e  Fruhof i n t o  t h e  t ank ,  t h e  f i r s t  assembly pro- 
cedure a f t e r  s t andof f  pos t  f a b r i c a t i o n  i s  j o i n i n g  t h e  s tandoff  p o s t  
t o  t h e  o u t l e t  f i t t i n g .  Since t h e  o u t l e t  f i t t i n g  i s  a s t r u c t u r a l  
element of t h e  p r o p e l l a n t  t ank ,  u s e  of 3003 AR braz ing  i n  t h i s  
j o i n i n g  s t e p  and i n  fol lowing s t e p s  appears  u n d e s i r a b l e  because 
of t h e  annea l ing  problem. The t h i c k n e s s  of t h e  o u t l e t  f i t t i n g  
could be inc reased  t o  reduce t h e  e f f e c t  of t h e  l o s s  of s t r e n g t h  
r e s u l t i n g  from annea l ing ;  however, e l e c t r o n  beam welding and fus ion  
welding processes  are a l s o  a p p l i c a b l e  and, t h e r e f o r e ,  w e r e  chosen 
as j o i n i n g  techniques f o r  t h e  Mission A2 and B systems (Fig. V-18). 
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For  t h e  Mission A1 aluminum tankage,  e l e c t r o n  beam o r  f u s i o n  
welding appear  t o  be  t h e  only  j o i n i n g  p rocesses  a v a i l a b l e  because 
of  t h e  i n c o m p a t i b i l i t y  of  a l l  AR braz ing  a l l o y s  wi th  t h e  p r o p e l l a n t .  
For  t h e  vaned p o s t  conf igu ra t ions ,  e i t h e r  one p i e c e  machining 
o r  b raz ing  of t h e  vanes t o  t h e  p o s t  seem a p p l i c a b l e .  Welding t h e  
i n d i v i d u a l  vanes t o  t h e  p o s t  becomes i m p r a c t i c a l  because o f  re- 
s t r i c t e d  space.  For Mission A I ,  one p i e c e  machining i s  recommended 
because of  t h e  u n a v a i l a b i l i t y  of compatible b raze  a l l o y s .  For 
Missions A2 and B ,  3003 AR braz ing  i s  recommended. 
The s t e p s  of  tank  assembly and i n s t a l l a t i o n  of t h e  u l l a g e  s tand-  
o f f  p o s t  are as fo l lows:  
Missions A2 and B 
1) Weld s t andof f  p o s t  t o  o u t l e t  f i t t i n g ;  
2 )  Weld communication channels  t o  j u n c t i o n  hub ; 
3 )  Weld channel  assembly t o  s t andof f  p o s t ;  
4 )  Weld o u t l e t  f i t t i n g  t o  bottom s p h e r i c a l  s h e l l ;  
5 )  Weld channel  assembly t o  bottom s p h e r i c a l  s h e l l ;  
63 Weld p r e s s u r a n t  i n l e t  f i t t i n g  t o  top s p h e r i c a l  s h e l l  
7 )  Closure weld top s p h e r i c a l  s h e l l  t o  bottom s h e l l .  
( i f  r equ i r ed )  ; 
Mission A1 
1) Same as abofve; 
2 )  Same as above; 
3 )  Same as above; 
4 )  Weld bottom s p h e r i c a l  s h e l l  t o  suppor t  r i n g ;  
5) Weld o u t l e t  f i t t i n g  t o  bottom s p h e r i c a l  s h e l l ;  
6 )  Weld channel assembly t o  suppor t  r i n g ;  
7) Weld p r e s s u r a n t  i n l e t  f i t t i n g  t o  top s p h e r i c a l  s h e l l  
8 )  Closure weld top s p h e r i c a l  s h e l l  t o  suppor t  r i n g .  
( i f  r equ i r ed )  ; 
Qual i ty  c o n t r o l  checks by X-ray of each weld are e s s e n t i a l .  
Checkout of t h e  s t r u c t u r a l  i n t e g r i t y  under s imula ted  launch loads ,  
i nc lud ing  s l o s h  and v i b r a t i o n ,  is  r equ i r ed .  V e r i f i c a t i o n  of t h e  
s t r u c t u r a l  compa t ib i l i t y  w i t h  miss ion  temperature  extremes i s  nec- 
e s sa ry .  A q u a l i t y  c o n t r o l  check on t h e  maintenance (wi th in  accept-  
a b l e  l i m i t s )  of low con tac t  a n g l e  over  long pe r iods  of aging i s  
needed t o  guarantee  maximum s u r f a c e  t e n s i o n  o r i e n t a t i o n  and con- 
t r o l  c a p a b i l i t y  e 
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Unlike the 1-g testable designs, the reasons for precise clean- 
ing of the designs presented here are, at least, two-fold: propel- 
lant-material compatibility; and nondegradation (increase) of pro- 
pellant contact angle. If certain organic contaminants (stearic 
and oleic acids, paraffin oil, etc) are present in sufficient quan- 
tity, propellant contact angles may increase t o  a point where opera- 
tion may be seriously compromised, as discussed. Cleaning proce- 
dures must, therefore, be selected and used so contaminants that 
degrade propellant or propellant/material compatibility like oxide 
coatings (the major cleaning concern for the 1-g designs) and con- 
taminants that cause an increase in contact angle are minimized or 
eliminated. 
Based on various cleaning procedures usually employed for aero- 
space tankage application (Ref V-S), the use of acid-type cleaning 
techniques as the sole cleaning process (Chapter IV) does not re- 
move contaminants that affect contact angle. Pure alkaline clean- 
ing procedures (Ref V-8) are satisfactory, although prior acid 
cleaning does degrade their effectiveness. A vacuum-annealing 
process removes the type of contaminants that affect contact angle 
and has the added advantage of being able to remove oxides, as 
does acid cleaning. Acid-type cleaning techniques, therefore, can- 
not be the sole cleaning process. Rather, acid cleaning must be 
followed by an alkaline cleaning technique or possibly a vacuum- 
anneal. For these reasons, the following cleaning procedures are 
recommended for the low-g design of Missions A2 and B: 
1) Prior to assembly, all parts (except the tank and out- 
flow port assemblies) should be cleaned by vacuum an- 
nealing. Since the tank and outflow port assemblies 
cannot be vacuum-annealed and yet must be cleaned of 
all oxides, an acid cleaning process will be used; 
An alkaline cleaning process should ithen follow for 
complete cleaning. As with the 1-g testable designs, 
all joining processes should be performed under strict 
cleanliness and inert atmospheres; 
by an alkaline cleaning) should be performed after the 
final tank closure weld has been made. 
2) 
3) The last cleaning operation (acid cleaning, followed 
Considering Mission Al, the effect of contaminants on the OF2 
and B2Hg contact angles is practically nil, due to their very low 
surface tensions. 
Therefore, contaminants increasing contact angle are not a serious 
concern for Mission A l ,  It is an academic consideration, however, 
since for fluorine service, no contaminant, whether it affects con- 
tact angle or not, can be tolerated. Therefore, the same cleaning 
procedures as recommended for Missions A2 and B, should also be ap- 
plied to Mission Al. Also, as with the 1-g designs, use of GF2 for 
passivation prior to propellant loading is recommended. The sim- 
plicity of the Fruhof design does allow it to be cleaned easily. 
No contaminant will survive when exposed to OF2. 
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C. OPERATIONAL DISCUSSION 
1. Prelaunch 
A major attractiveness of  the s imple  u l l a g e  s tandoff  p o s t  de- 
s i g n  i s  that there are no s p e c i a l  handl ing and loading  requi rements  
(except f o r  the need f o r  c leanl iness ) . ,  
p l a c e  f o r  u l l a g e  t o  be  t rapped du r ing  load ing ,  and t i l t i n g  a f t e r  
loading  is  of  no concern.  There i s  no s p e c i a l  r e s t r i c t i o n  on emp- 
t y i n g  and r e f i l l i n g  cyc le s  r e s u l t i n g  from checkout procedures  dur- 
i n g  prolonged ho lds  on t h e  launch  pad. 
The des ign  provides  no 
2. Boost Phase 
The high-g environment du r ing  boos t ,  a long  w i t h  s l o s h  and vi- 
b r a t i o n ,  are s t r u c t u r a l  cons ide ra t ions  only.  The des ign  is  r i g i d  
and can e a s i l y  m e e t  t h e  launch  loads .  
Launch w i t h  t h e  t ank  o u t l e t  po in ted  away from Ear th ,  as wi th  
Mariner '71,  p r e s e n t s  a problem i n  t h a t  t h e  u l l a g e  may be  forced  
i n t o  t h e  p r o p e l l a n t  f eed  l i n e  and t rapped a f t e r  i n s e r t i o n  i n t o  t h e  
low-g space environment. I f  an inve r t ed  t ank  a t t i t u d e  is a launch 
requirement ,  one of  several op t ions  could be  incorpora ted  i n  t h e  
des ign .  For example, a f i n e  mesh sc reen  a t  t h e  cove rp la t e  w i l l  
p revent  gas  from e n t e r i n g  t h e  f eed  l i n e .  An overboard ven t  of t h e  
feed  l i n e  i n  zero  g could a l s o  be  used t o  r e f i l l  t h e  l i n e  w i t h  li- 
quid.  Another o p t i o n  is  a c a p i l l a r y  pbniping system t o  b r i n g  l i q u i d  
back i n t o  t h e  f eed  l i n e  wh i l e  d i s p l a c i n g  u l l a g e .  Also,  t h e  tank  
could be i n i t i a l l y  p re s su r i zed  a t  a low level w i t h  p r o p e l l a n t  vapor .  
Once i n  ze ro  g ,  t h e  tank  p r e s s u r e  would then  be  r a i s e d  w i t h  pres- 
s u r a n t  t o  c o l l a p s e  any vapor i n  t h e  feed  l i n e .  The cho ice  of a 
given method w i l l ,  of course ,  depend on p a r t i c u l a r  miss ion  re- 
quirements.  
A t  boos t - th rus t  t e rmina t ion  and en t r ance  i n t o  low g ,  t h e  l i q -  
u id  f r ee - su r face  relaxes from i t s  n e a r l y - f l a t ,  high-g conf igu ra t ion  
t o  a nea r - sphe r i ca l  shape. The a d d i t i o n  of t h e  v e h i c l e  s t r u c t u r a l  
r e l a x a t i o n  and s l o s h  k i n e t i c  energy may conceivably cause  s u f f i c -  
i e n t  tu rbulence  t o  produce a number of s m a l l  u l l a g e  bubbles .  Some 
might l o c a t e  a t  t h e  o u t l e t  c o v e r p l a t e  and,  a t  engine s t a r t u p ,  may 
be  drawn i n t o  t h e  feed  l i n e ,  p a r t i c u l a r l y  i f  t h e  t h r u s t  bu i ldup  i s  
s u f f i c i e n t l y  slow. Drop tower s t u d i e s  (conducted a t  Mart in  Marietta, 
Ref V-21)  of t h e  s l o s h  a m p l i f i c a t i o n  a t  t h e  s t e p  t r a n s i t i o n  from 
1 t o  zero  g i n d i c a t e  t h a t  t h e  f l u i d  motion is  n o t  v i o l e n t  enough 
t o  break  up t h e  u l l a g e  i n t o  s m a l l  bubbles.  However, t h e s e  d a t a  
are q u a l i t a t i v e .  While t h e  p o s s i b i l i t y  o f  gas  i n g e s t i o n  by t h i s  
mechanism appears  remote f o r  t h e  miss ions  of i n t e r e s t ,  f u r t h e r  
v e r i f i c a t i o n  is  mer i t ed .  
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The t r a n s i e n t  motion a s s o c i a t e d  w i t h  s m a l l  u l l a g e s  as i n  M i s -  
s i o n s  Ax and A 2 ,  (nominally 10%) i s  i l l u s t r a t e d  i n  F igu re  V-8. 
The l i q u i d  motion c r e a t e d  by the f r e e  s u r f a c e  r e o r i e n t a t i o n  carries 
t h e  u l l a g e  bubble from t h e  top  of t h e  t ank  t o  t h e  bottom. With 
t h e  Fruhof p i l l a r ,  f o r  Mission A1 and A2 t h e  u l l a g e  bubble w i l l  be  
repulsed and kep t  away from t h e  o u t l e t .  The drop tower tests of 
t h e  Fruhof concept conducted under th i s  s tudy show t h a t  t h e  boos t  
t e rmina t ion  phase of t h e  A1 and A2 Missions p r e s e n t s  no hydrodynamic 
problems e 
3.  Low-g Phase 
Following t h e  decay of p r o p e l l a n t  s l o s h i n g  caused by s t a g e  
s e p a r a t i o n ,  t h e  s p a c e c r a f t  w i l l  r e o r i e n t  i t s e l f  t o  a celest ia l  r e f -  
erence,  e .g . ,  t h e  sun on t h e  Z-axis and a star,  Canopus, on an  off-  
a x i s  (Ref V-22) .  The continuous t h r u s t i n g  levels of t h e  a t t i t u d e  
c o n t r o l  system during r o l l ,  p i t c h ,  and yaw maneuvers t o  g a i n  celes- 
t i a l  r e f e r e n c e  may be s u f f i c i e n t l y  l a r g e  t o  move u l l a g e  over t h e  
tank o u t l e t  (Table 11-2 and 11-4). However, t h e  u l l a g e  w i l l  n o t  
e n t e r  t h e  feed l i n e  because of t h e  s m a l l  d r a i n  h o l e s  i n  t h e  o u t l e t  
cove rp la t e .  Once c e l e s t i a l  r e f e r e n c e  is  a t t a i n e d ,  and t h e  cont in-  
uous t h r u s t i n g  ends,  t h e  communication channels w i l l  provid’e a p a t h  
f o r  l i q u i d  t o  r e o r i e n t  over t h e  o u t l e t  i n  t h e  designed maximum sta- 
b i l i t y  conf igu ra t ion .  
t i a l  r e f e r e n c e  i s  of such s h o r t  d u r a t i o n  re la t ive t o  t h e  low-g 
l i q u i d  c h a r a c t e r i s t i c  response t i m e ,  JP’;r370, t h a t  d i s tu rbance  of 
t h e  l i q u i d  w i l l  be  s l i g h t  u n l e s s  t h e  ACS t h r u s t  pe r iod  is  nea r  t h e  
n a t u r a l  s l o s h  per iod of t h e  l i q u i d .  Then t h e  s m a l l  s l o s h  energy 
can accumulate, e v e n t u a l l y  y i e l d i n g  l a r g e  amplitude l i q u i d  motion. 
Analysis of s l o s h  e f f e c t s  has not  been p o s s i b l e  w i t h i n  t h e  scope 
of t h i s  program. 
The p e r i o d i c  ACS t h r u s t i n g  t o  maintain celes- 
P r i o r  t o  a l l  engine f i r i n g s ,  t h e  s p a c e c r a f t  must b e  a l igned  on 
t h e  d e s i r e d  t h r u s t  axis. This r e q u i r e s  switching t o  an i n e r t i a l  
r e f e r e n c e ,  then execut ing a r o l l  motion t o  a l i g n  t h e  p i t c h  p l ane ,  
p i t c h i n g  t o  a l i g n  t h e  t h r u s t  a x i s  as d e s i r e d ,  and then  execut ing 
a second r o l l  t o  a l i g n  t h e  s p a c e c r a f t  antenna toward Earth.  This  
continuous t h r u s t i n g  may cause u l l a g e  t o  b e  o r i e n t e d  over t h e  out- 
l e t .  The Bo a s s o c i a t e d  wi th  t h e  r o l l  maneuver t h r u s t  on Mission 
A1 is  about 20 f o r  t h e  o x i d i z e r  and about 4 f o r  t h e  f u e l .  These 
are s u f f i c i e n t  t o  move t h e  p r o p e l l a n t s  t o  one s i d e  of t h e i r  t anks ,  
exposing t h e  Fruhof p i l l a r s  t o  u l l a g e  f o r  t h e  low l i q u i d  levels 
fol lowing o r b i t  i n s e r t i o n .  The a c c e l e r a t i o n  i s  n o t  l a r g e  enough 
t o  break u l l a g e  i n t o  t h e  o u t l e t  l i n e ,  however (by 3 o r d e r s  of mag- 
n i t u d e ) .  The r o l l  coas t  r equ i r ed  t o  a l i g n  t h e  p i t c h  a x i s  develops 
a c e n t r i f u g a l  Bo of less than 0.7 f o r  up t o  500 sec, which is  
s u f f i c i e n t  t o  o r i e n t  a l l  but  a s m a l l  amount of t h e  l i q u i d  away 
from t h e  o u t l e t  (Fig. V-10). 
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The r o l l - p i t c h - r o l l  maneuvers t o  a l i g n  t h e  v e h i c l e  t h r u s t  axis 
on Mission A 1  w i l l  keep t h e  l i q u i d  p r o p e l l a n t s  a g a i n s t  t h e  t ank  
w a l l s  and removed from t h e  o u t l e t .  Af t e r  completion of t h e  man- 
euver and t h e  r e t u r n  t o  t h e  g environment, t h e  p r o p e l l a n t s  
w i l l  aga in  r e o r i e n t  over t h e  t ank  o u t l e t s .  A per iod of t i m e  is  
needed between t h e s e  maneuvers and t h e  next  engine f i r i n g  t o  guar- 
a n t e e  l i q u i d  r e o r i e n t a t i o n  over t h e  o u t l e t .  An estimate of re- 
o r i e n t a t i o n  t i m e  can be made us ing  t h e  parameter ,  . For t h e  
missions and p r o p e l l a n t s  of t h i s  s tudy ,  t h e  estimate ranges from 
100 t o  500 seconds.* 
A t  t h e  s t a r t  of engine thrus t . ,  t h e  curved zero-g f r ee - su r face ,  
when he ld  axisymmetric by t h e  s t andof f  p o s t ,  w i l l  s e t t l e  t o  a 
n e a r l y - f l a t  s u r f a c e  f o r  each p r o p e l l a n t  and mission of t h i s  s tudy.  
For Missions A 1  and A 2 ,  t h e  tanks are n o t  n e c e s s a r i l y  on t h e  t h r u s t  
a x i s  s i n c e  a l a r g e  gimbal cone a n g l e  (9 t o  1 2 ' )  i s  p o s s i b l e .  The 
off-axis  t h r u s t  can cause an asymmetric s l o s h  wave during s e t t l i n g ,  
as observed i n  drop tower experiments (Ref V-21). These e f f e c t s  
on the a t t i t u d e  c o n t r o l  system requirements are of concern and 
should be examined f u r t h e r .  
Missions A1 and A2 expend 90%, o r  more, of t h e  p r o p e l l a n t  load 
t o  e n t e r  t h e  Mars o r b i t .  A number of s h o r t  burns is  then r equ i r ed  
f o r  o r b i t  t r i m s ,  maneuvers f o r  t h e  Mars/Lander separat ion. ,  and 
p o s s i b l e  o r b i t  changes f o r  mapping s t u d i e s .  The u l l a g e  s t andof f  
p i l l a r  w i th  i t s  communication channels  i s  p a r t i c u l a r l y  s u i t e d  t o  
t h e s e  mission requirements s i n c e  i t  tends t o  keep p r o p e l l a n t  over 
t h e  o u t l e t ,  prevent ing any l a r g e  accumulation of p r o p e l l a n t  a t  
r eg ions  removed from t h e  o u t l e t  area. I n  a d d i t i o n ,  t h e r e  i s  no 
l i m i t a t i o n  on t h e  number of burns t h a t  can b e  made i n  o r b i t .  
The thermal environment and a s s o c i a t e d  e f f e c t s  on t h e  p r o p e l l a n t  
and a c q u i s i t i o n  dev ice  were divided i n t o  two c a t e g o r i e s  i n  t h i s  pro- 
gram. The f i r s t  w a s  t h e  normal s t e a d y - s t a t e  environment of t h e  
s p a c e c r a f t  as in f luenced  by hardware, s o l a r  h e a t i n g ,  r a d i a n t  cool- 
i ng ,  e tc .  The second w a s  t h e  t r a n s i e n t  environment due t o  h e a t  
soakback fol lowing an engine burn. The s i g n i f i c a n c e  of h e a t  soak- 
back i n c r e a s e s  w i t h  t h e  burn du ra t ion .  
The thermal c o n t r o l  system of t h e  s p a c e c r a f t  w i l l  c o n t r o l  t h e  
p r o p e l l a n t  temperature  w i t h i n  t h e  al lowable range,  tending t o  mini- 
mize any e f f e c t s  which t h e  thermal environment may have on t h e  pro- 
p e l l a n t  a c q u i s i t i o n  device.  It i s ,  however, d e s i r a b l e  t h a t  t h e  
*If  t h e  r e o r i e n t a t i o n  t i m e  w e r e  c r i t i c a l ,  programming of t h e  
d e s i r e d  t h r u s t  alignment would have t o  be planned and executed 
ear l ier  t o  a l low f o r  l i q u i d  r e s e t t l i n g  over t h e  tank o u t l e t .  
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acquisition device operate efficiently in the worst probable ther- 
mal environment. Therefore, an investigation was conducted to 
evaluate and estimate the magnitude of these effects assuming an 
uncontrolled thermal environment. 
recognized. The first is the establishment of a propellant vapor- 
ization-condensation cycle. The propellant located in the tank 
outlet would be heated, vaporized, and condensed at the cooler 
forward end of the tank. This cycle is similar to that for a heat 
pipe. 
reservoir of the Fruhof device (similar to the effect noted in 
Chapter I V  for the minus 1-g device). 
is the drying of the liquid reservoir due to thermocapillary flow. 
Thermocapillary flow occurs when a temperature gradient exists 
along a gas/liquid interface and produces a gradient in surface 
tension. The surface tension gradients produce tangential shear 
forces which, if of sufficient magnitude, will pump the liquid 
from a hot to a cooler region. Temperature gradients along the 
gas/liquid interface are produced by relatively high heating rates 
at, or near, the location of the liquid, as discussed later. 
Two potential problem areas were 
The net result could lead to some loss of liquid from the 
A second potential problem 
The results of the propellant vaporization investigation (Chap- 
ter I V )  conducted for Missions A1 and A2 showed that significant 
vaporization may occur only with the oxidizers (OF2 and N204). 
This vaporization will occur at the gas/liquid interface. 
Fruhof, the estimated amounts of vaporization do not present a 
problem since the propellant remaining is adequate for engine re- 
start. Also, any vaporized propellant condensed at the forward 
end of the tank (or other regions) would be pumped back into the 
reservoir. 
For the 
The effect of thermocapillary flow is described by Larkin 
(Ref V - 2 3 ) ,  and its magnitude is measured by the Marangoni number. 
The Marangoni number must be on the order of l o 5  before thermo- 
capillary flow is significant. The Marangoni number is a function 
of physical and thermodynamic fluid properties, heat flux, and 
bubble radius. Of the three missions, only A2 may yield great 
enough heat fluxes, due to the engine heat soakback following the 
orbit insertion burn, for thermocapillary flow to be significant. 
Using available engine heat soakback data for Mission A2, the heat 
fluxes were estimated to be approximately 3 e 7 Btu/f t2-hr a 
for this possible case, in order for thermocapillarity to be sig- 
nificant, i. e., Marangoni number lo5 , the bubble radius would have 
to exceed the tank radius for the N2O4 and MMH Mission A2 propel- 
lants s 
Even 
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VI. CONCLUSIONS AND RECOMMENDATIONS 
A. CONCLUSIONS 
The b a s i c  conclusion of t h e  two-phased program i s  t h a t  p a s s i v e  
devices  are t h e  b e s t  means t o  provide gas-free l i q u i d  p r o p e l l a n t ,  
as r e q u i r e d ,  f o r  t h e  Mars and Grand Tour missions.  Two k inds  of 
p r o p e l l a n t  a c q u i s i t i o n  dev ices  -- t h e  simple Fruhof designs (Chap- 
ter  V) and t h e  more complicated sc reen  t r a p  systems (Chapter IV) 
-- w e r e  judged t o  be t h e  most r e l i a b l e  and l i g h t e s t  f o r  long 
d u r a t i o n  (up t o  10 y r )  p l a n e t a r y  f l i g h t s .  I n  a d d i t i o n ,  t hey  are 
n o t  explusion c y c l e  l i m i t e d ,  n o r  cons t r a ined  t o  a p a r t i c u l a r  
t ank  geometry. 
Volume I i s  recommended t o  t h e  p ropu l s ion  designer  as a guide 
t o  understanding t h e  b a s i c  ope ra t fona l  p r i n c i p l e s  and design c r i -  
t e r i a  f o r  t h e  va r ious  p r o p e l l a n t  b c q u i s i t i o n  concepts developed o r  
be ing  developed. These concepts i nc lude  d i e l e c t r o p h o r e s i s ,  poly- 
meric b l adde r s  and diaphragms, metall ic b l adde r s  and diaphragms, 
bel lows,  s u r f a c e  t e n s i o n  systems, e x t e r n a l  s e t t l i n g  r o c k e t s ,  c a p i l -  
l a ry /be l lows ,  and s t a r t  t anks .  Since each concept poses c e r t a i n  
d i s t i n c t  advantages and disadvantages,  a numerical  r a t i n g  technique 
w a s  e s t a b l i s h e d  t o  a i d  t h e  des igne r  i n  s e l e c t i n g  t h e  b e s t  acqu i s i -  
t i o n  system f o r  t h e  p a r t i c u l a r  mission.  
which cons ide r s  a v a i l a b i l i t y ,  c o m p a t i b i l i t y ,  r e l i a b i l i t y ,  t e s t a b i l -  
i t y ,  mass, and design v e r s a t i l i t y ,  w a s  used t o  show t h a t  s u r f a c e  
t e n s i o n  systems were c l e a r l y  b e s t  f o r  each of t h e  t h r e e  b a s e l i n e  
missions considered.  
Th i s  r a t i n g  method, 
The fo l lowing  conclusions a l s o  r e s u l t e d  from t h e  Phase I com- 
p a r a t i v e  e f f o r t :  
1 )  P r o p e l l a n t  tank subsystem - The two-tank c o n f i g u r a t i o n  
i s  p r e f e r r e d  f o r  Missions A1 and A2; s p h e r i c a l  tanks 
are b e s t  f o r  a l l  t h r e e  mis s ions ;  and all-metal t anks  
[2219 aluminum (Mission AI) and 6AR-4V t i t a n i u m  
(Missions A2 and B ) ]  are recommended over composites;  
P r e s s u r i z a t i o n  subsystem - Helium i s  p r e f e r r e d  over 
n i t r o g e n  because of i t s  weight savings f o r  a l l  t h r e e  
b a s e l i n e  missions.  A s i n g l e ,  s p h e r i c a l  s t o r a g e  t ank  
cons t ruc t ed  of 6AR-4V t i t a n i u m  i s  b e s t .  The s t o r a g e  
sphe res  f o r  Missions A1 and A2 should be loaded w i t h  
helium t o  4000 p s i a  a t  nominal p r o p e l l a n t  temperature  
2)  
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(250'R f o r  A1 and 500'R f o r  A2). 
blowdown system t h e  p r o p e l l a n t  t ank  w i t h  50% i n i -  
t i a l  u l l a g e  should b e  p r e s s u r i z e d  t o  350 p s i a  w i t h  
helium (nominal p r o p e l l a n t / p r e s s u r a n t  temperature i s  
500"R) ; 
P r o p e l l a n t  a c q u i s i t i o n  subsystem - Surface t ens ion  sys- 
tems were r a t e d  b e s t  f o r  each mission;  they are 28% 
b e t t e r  t han  t h e  second-best system f o r  Mission A I ,  
26% b e t t e r  f o r  Mission A 2 ,  and 69% b e t t e r  f o r  Mission 
B. The p r e f e r r e d  materials are  aluminum (Mission AI) 
and t i t a n i u m  (Missions A2 and B ) .  
For t h e  Mission B 
3 )  
Based on t h e  s u r f a c e  t ens ion  des igns  presented i n  t h i s  r e p o r t ,  
t h e  Fruhof concept i s  p r e f e r r e d  f o r  each b a s e l i n e  mission because 
of i t s  s i m p l i c i t y  and i n h e r e n t  r e l i a b i l i t y .  However, i t  i s  n o t  
t e s t a b l e  under -1 g ,  as  are t h e  fine-mesh t r a p  designs.  The added 
complexity,  w i th  regard t o  f a b r i c a t i o n ,  c l ean ing ,  and handling 
makes one q u e s t i o n  t h e  1-g test requirement,  p a r t i c u l a r l y  because 
it d o e s n ' t ,  by i t s e l f ,  v e r i f y  t h e  o p e r a t i o n a l  c a p a b i l i t y  of t h e  
device.  
B. RECOMMENDATIONS 
The fol lowing recommendations are presented s e p a r a t e l y  f o r  
each of t h e  two d i f f e r e n t  s u r f a c e  t ens ion  des igns .  
1) F ine  mesh sc reen  des igns  ( t e s t a b l e  a t  -1 g )  - The 
fol lowing f a b r i c a t i o n  and a n a l y s i s  areas are i d e n t i -  
f i e d  as r e q u i r i n g  a d d i t i o n a l  work: forming of t i t a -  
nium, t w i l l e d  sc reen ;  c o m p a t i b i l i t y  of brazed alumi- 
num j o i n t s  ; s l o s h  a n a l y s i s  and c o v e r p l a t e  s t r u c t u r a l  
a n a l y s i s ;  and t h e  o v e r a l l  thermal a n a l y s i s .  The fab- 
r i c a t i o n  cons ide ra t ions  could b e  e a s i l y  r e so lved  as 
p a r t  of a p ro to type  b u i l d  program. The thermal anal-  
y s i s  r e q u i r e s  a b e t t e r  d e f i n i t i o n  and refinement of 
t h e  mission environment and engine h e a t  soakback cr i -  
t e r i a  (Chapter IV). This i s  p a r t i c u l a r l y  t r u e  f o r  
t h e  space s t o r a b l e  p r o p e l l a n t s ,  OF2 and B2Hg.  
a n a l y t i c a l  model should be developed and modified,  as 
r e q u i r e d ,  by d a t a  obtained from engine f i r i n g s ;  
An 
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Fruhof s u r f a c e  t e n s i o n  systems - This  unique dev ice  
i s  t h e  more a t t ract ive of t h e  two concepts analyzed 
and designed du r ing  t h i s  program (provided t h a t  t h e  
requirement f o r  t e s t i n g  a t  minus 1 g i s  e l imina ted )  
It poses  no hardware-type problems; however, because 
i t  cannot be demonstrated under 1 g, w e  recommend a 
program t o  f u r t h e r  v e r i f y  i t s  performance. One e f -  
f e c t i v e  means i s  t o  use  numerical  experimentat ion wi th  
a computer model of t h e  low-g f l u i d  dynamics. The 
numerical  model should be broad enough t o  d e s c r i b e  
t h e  performance of Fruhof designs during c r i t i c a l  
mission p e r i o d s .  
This  program would i n c l u d e  an experimental  e f f o r t  t o  
q u a l i t a t i v e l y  e v a l u a t e  c r i t i c a l  mission phases (such 
as outf low i n i t i a t i o n )  and l i q u i d  response t o  p e r t u r -  
b a t i o n s  (such as ACS t h r u s t s ) .  V a r i a t i o n s  i n  t h e  
va lue  of con tac t  a n g l e  due t o  contaminants and aging 
need f u r t h e r  i n v e s t i g a t i o n ,  based upon our review 
(Ref V I - 1  t o  VI-4). 
l a r  importance because of t h e  long mission d u r a t i o n s  
of one t o  t e n  y e a r s .  Acceptable c l ean ing  techniques 
should be experimental ly  v e r i f i e d  and documented. The 
t e s t i n g ,  i n  a d d i t i o n  t o  1-g bench tests, should be 
done i n  t h e  c o n t r o l l e d  a c c e l e r a t i o n  environment of t h e  
drop tower and p o s s i b l y  i n  t h e  KC-135 a i r c r a f t .  
l a t t e r  provides  an o r d e r  of magnitude i n c r e a s e  over 
t h e  two-second test  i n t e r v a l  of t h e  drop tower. Even 
longe r  we igh t l e s s  p e r i o d s  are needed, however, t o  
e v a l u a t e  performance wi th  f u l l - s c a l e  tankage. An or- 
b i t a l  experiment i s  recommended t o  accomplish t h i s .  
The aging e f f e c t s  are of p a r t i c u -  
The 
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